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Abstract

Fast restoration from a network failure has been recognized as a key ingredient in realizing sur-
vivable networks in emerging high-speed ATM environments. Self-healing techniques have been
proposed to provide service continuity to end-users by autonomously switching affected virtual
paths to alternate routes. However, their success greatly depends on how traffic is distributed and
spare capacity is dimensioned over the network when a failure occurs. Therefore, a fast restoration
mechanism alone is not enough to achieve a high level of survivability. This project aims at defin-
ing an integrated framework for survivable ATM network management ranging from network
design and virtual path management to fast restoration protocol. The focus is placed on two
aspects essential to promoting restoration capability: the survivable virtual path routing (SVPR)
and the survivable capacity and flow assignment (SCFA). The SVPR attempts to maximize
restorability from a possible network failure by adjusting virtual path configuration in response to
a change in traffic demand or facility network configuration. The two-step restoration concept is
also introduced to achieve fast restoration as well as optimal reconfiguration. The SCFA seeks for
the most economical physical link capacity placement in order to deploy a survivable network in a
cost-effective manner. Joint optimization is carried out to find a globally optimal solution. The
problems for maximum-flow restoration-based networks are formulated as a large-scale linear pro-
gramming model. Several mechanisms are devised to reduce computation time by facilitating the
basis matrix factorizatioﬁ. The SVPR for k-shortest path restoration-based networks is modeled as
a non-smooth multicommodity flow problem with linear constraints. A modified flow deviation
method is developed to obtain a near-optimal solution in a reasonable computation time. Prema-
ture convergence to a non-smooth point is avoided by properly adjusting optimization parameters.
Using the proposed optimization procedures, the minimum resource installation cost is quantita-
tively analyzed for different fast restoration schemes. Contrary to a wide belief in the economic
advantage of the end-to-end restoration scheme, this study reveals that the attainable gain could be

marginal for a well-connected and/or unbalanced network.




I Introduction

1.1. Problem Statement

Survivability has become a critical issue in telecommunication networks due to increasing soci-
etal dependence on communication systems and the growing importance of information. The sig-
nificance has been further magnified by the advent of high-capacity optical fiber: a 2.4 Gbps
optical transmission system over a single wavelength is already available, with an increased rate
beyond 10 Gbps projected for the near future [56]. Using the wavelength division multiplexing
techniques, many channels of different wavelengths can be multiplexed on a single optical fiber,
and each optical trunk is expected to support a data rate ranging from a hundred Gbps to Tbps [34]
[56] [66]. In order to utilize the high transmission capacity of optical fiber cables and reduce the
transmission cost, the topology of wide-area networks is becoming sparse, and data streams are
aggregated into relatively few optical fiber cables [55] [56]. A large concentration of transmission
capacity in the exchange networks would considerably increase the vulnerability of the network
and reduce the robustness of the network to a transmission component failure. In this environment,
a network failure such as an optical link impairment or a node failure can cause a large loss of data,
even in a short outage. Thus, it is imperative to make the service interruption time as short as pos-
sible, and a fast restoration from a network failure has become one of the key survivability issues

for future high-speed networks.

In order to mitigate the impact of a network failure, self-healing techniques have been developed
for mesh-type long-haul or rhetropolitan exchange networks based on Synchronous Transfer Mode
(STM) [2] [35] [80] [82] as well as Asynchronous Transfer Mode (ATM) technologies [5] [43]
(see Section 2.1.2 for details). Their main goal is to provide service continuity so that a network

failure is almost imperceptible to end-users. For this purpose, fast restoration schemes!

autono-
mously recover affected traffic in a short period after a failure so that the existing connections
would not get dropp’edz. In ATM networks, virtual paths3 passing over an impaired network com-

ponent are rerouted upon failure. A fast virtual path (VP) restoration scheme dispatches the spare

1. The terms “self-healing” and “fast restoration” are used interchangeably.

2. The restoration should finish before the outage duration reaches call-dropping threshold or before data protocol time-
out happens [35]. Most existing services become impacted by a 2 to 10 second service outage [75]. Thus, fast restoration
algorithms typically aim at recovering affected transport paths in 2 seconds {36] [80] [83].

3. A virtual path (VP) is a semi-permanent logical transport path where multiple calls (connections) are accommodated
(see Section 2.1.1 for details).




bandwidth required for VP rerouting and switches the affected VP’s over the discovered alternate

routes.

The primary concern in previous works was the development of a fast restoration protocol which
accelerates the restoration procedures (restoration speed) and recovers affected bandwidth as
much as possible (restoration ratio or restorability). The proposed algorithms have been evaluated
with respect to these two measures through computer simulation. A few sample networks are

employed in the evaluation where link flow and spare bandwidth assignments are predetermined.

With dynamically changing traffic demand, however, flow assignment varies over time, and the
amount of link spare capacity changes accordingly. But flow assignment and spare bandwidth allo-
cation have a direct inflience on the restorability of a fast restoration scheme because the flow
assignment determines the amount of bandwidth to be recovered when a network failure occurs,
and spare bandwidth is utilized for the restoration. Thus, in order to offer better network surviv-
ability, it is crucial for a network manager to realize restorable flow assignment in response to a

change in traffic demand as well as facility network configuration.

Physical link capacity allocation also has a significant influence on the restorability because it
determines a set of feasible flow and spare bandwidth assignments for a given traffic demand. Full
restorability against major network failures could be guaranteed by installing a sufficiently large
amount of fiber links throughout the network. However, installation costs could easily rise, espe-
cially in a public inter-office network which covers a geographically wide area. Therefore, a
proper network design procedure is essential in deploying a survivable network in a cost-effective

manner.

This project addresses these two open issues for survivable ATM networks with seif-healing
capabilities. The interrelationship of these survivability issues is illustrated in Figure 1-1. Given an
availgble physical network resource and a traffic demand, the survivable virtual path routing
(SVPR) algorithm finds a virtual path routing and bandwidth assignment which minimizes an unre-
coverable amount of flow due to possible network failures. This problem arises when there is a
change in the traffic demand patterns or in the underlying facility network. The Dynamic virtual
path reconfiguration algorithm is performed on such occas.ions to maximize the restorability of the

fast restoration procedure under the new network environment. This function offers a better sur-



vivability under a changing network environment, especially for a multi-rate service system like
an ATM network where gross traffic demand patterns could be susceptible to a change in a rela-
tively small number of high volume traffic. Furthermore, a fully restorable network can be realized
with less resource installation in a dynamically reconfigurable network compared to its static
counterpart. Since physical link capacity cannot be increased in real-time, static VP configuration

requires overengineering in order to cope with varying demand patterns [29].

Design Goals | 1. Restorability 2. Restoration Speed
AA
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Figure 1-1. Survivable ATM network management issues




Given a network topology and a projected traffic demand, the survivable network synthesis algo-
rithm seeks for the most economical link capacity assignment that assures full restorability against
any major network failure. This design process and the construction of an additional facility are
initiated whenever the dynamic VP reconfiguration process cannot maintain survivability at a

desired level due to a growth of traffic demand over months or years.

1.2. Previous Work

Three related research fields and their previous development are reviewed in this section, includ-
ing survivable/reliable network management in conventional networks, fast restoration schemes,
and dynamic virtual path management in ATM networks. Virtually all works have been developed

in separate contexts, and none have consolidated all three elements.

Network synthesis and flow assignment problems have been widely discussed in the context of
traditional telephone networks as well as conventional store-and-forwafd data networks, although
most works aim at designing networks under normal operating conditions. Relatively fewer works
exist for survivable/reliable network management, where traditional network reliability measures
for low-speed networks are accommodated in their problem formulation. Depending on the reli-
ability criterion, these works can be roughly categorized into multiple connectivity problems and

non-simultaneous flow assignment problems.

The multiple connectivity approach has been used extensively in traditional reliability literatures
[3] [25]. It ensures the existence of multiple diverse connections between any communicating pair.
Recently, the idea has been applied to reliable virtual path management [53]. The availability of
virtual paths is guaranteed even with a transmission link failure by distributing bandwidth over at
least two VP’s of every switching pair. As for a network synthesis problem, the multiple connec-
tivity approach uses global availability4 as a network reliability measure and designs a network
with a minimum cost subject to the upper bound of network unavailability. This approach would
be appropriate for traditional store-and-forward networks where multiple connectivity prevents the
connection from being broken and allows rerouting. Network congestion and packet overflow
could be readily avoided by reactively suppressing the flux of packets into the network. Although

this would incur additional delay and temporal degradation of quality of ser\}ice, large data loss

4. Global availability is defined as the probability that the network is simply connected.




can be prevented. Lost packets can also be recovered by a small number of packet retransmissions.
On the other hand, this reactive flow control is inappropriate for high-speed networks since a large
amount of cells are under transmission over giga-bit links. Thus, huge data loss is unavoidable

before reactive action can be initiated due to relatively slow feedback [10].

The connectivity-based reliability measure also poses a serious problem for traditional low-
speed networks. The approach overlooks the level of performance experienced by users in the
presence of a failure [25]. A significant number of queuing delays or lost calls would result unless
sufficient bandwidth is provided. Moreover, a connectivity measure would be inappropriate for a
conventional telecommunication network because it is typically well-connected even after a net-
work failure [70). The non-simultaneous flow assignment approach has been proposed to remedy
the above pitfalls. The approach chooses a set of failure events which are most likely to happen
and solves multiple flow assignment problems corresponding to each failure scenario [70].
Expected lost calls can be employed as a reliability measure instead of connectivity. Recently, the
idea has been applied to SONET-based transport networks [29] as well as ATM VP-based trans-
port networks [30]. They assure full service restorability for ény failure pattern in the predéﬁned
scenarios, and a new call will be rejected if there is no way to allocate it without violating this full
restorability requirement. This means that call level quality of service (QOS) may be degraded
during a busy period in order to-achieve 100% restorability against failures, which should be a rel-
atively rare event. The network synthesis problem based on the non-simultaneous flow approach
minimizes the resource installation cost while assuring the existence of a feasible flow assignment
in any failure state [41] [58] [59]. The problem can be formulated as a non-simultaneous multi-
commodity flow problem. The resulting network can accommodate the traffic demand projected at

the planning phase even in the presence of any failure scenario considered in the design.

A major weakness of the above approaches is their failure to model a lost flow upon a network
failure. They assume it can be neglected as a temporal event. Although the obtainéd flow assign-
ment can satisfy traffic demand at a steady state even if a failure is present, it could incur critical
service interruption when a system switches to another steady state upon failure. This could be
especially problematic in high-speed wide-area networks based on ATM technologies with each
link operating at the order of Gbps to Tbps. Not only a very precise synchronization of path
switching is necessary over the network, but also the cell sequence of virtual channels in all VP’s

must be preserved. Since a very large number of ATM cells are under transmission over gigabit or




terabit transmission links, even a small difference m the path length between old and new routes
entails a large delay gap of the cells traversing over the routes. This huge gap must be absorbed
somehow upon path switching for all existing VP’s across the network, which is almost impracti-
cal. Path switching without this precaution will cause severe service degradation all over the net- -
work, affecting even the connections which do not suffer directly from the failure. A huge number
of dropped cells must be retransmitted for all VP’s at once, which would significantly overload the
entire network and might cause long-lasting total service degradation. On the other hand, the self-
healing algorithm reroutes only affected VP’s at the time of a failure. Although temporal service
interruption is still inevitable due to the delay from the time of failure to the activation of alternate
VP’s, it is mostly confined to the VP’s directly affected by the failure. Thus, the service degrada-
tion would disappear more quickly. Finally, the network designed by the non-simultaneous flow
assignment approach might not be able to recover all affected flow since a self-healing algorithm
usually requires extra capacity to fulfill the run-time restoration. In order to circumvent the above
issues, a fast restoration protocol must be modeled in the problem formulation, although virtually
all previous literature on survivable network synthesis and survivable flow assignment have failed

to meet this requirement.

Fast restoration schemes have been extensively discussed> since Grover introduced the idea of
self-healing networks [35]. However, none have addressed the survivable flow assignment prob-
lem in this context. Only a few papers have discussed the'capacity design problem for an STM-
based self-healing network [37] [68] [69] [78]. Assuming a predetermined link flow assignment,
they seek a spare link placement with minimum capacity installation cost, subject to the constraint
that fast restoration would succeed under any single link failure. The obtained solution, however,
is not necessarily optimal for a given projected traffic demand because a different flow assignment
may produce a more economical capacity assignment. Instead, joint optimization of link capacity

and virtual path flow assignment must be carried out in order to find a truly optimal solution [24].

In the previous works on self-healing schemes, the main focus has been placed on the restoration
speed and the restoration ratio of the restoration protocols. The effectiveness of the proposed algo-
rithms has been demonstrated with respect to these two measures. A few sample networks have
been employed in these experiménts, where a physical link placement and a link flow assignment

are given. However, the performance of a fast restoration protocol is largely determined by physi-

5. Refer to Section 2.1.2 for references and details.



cal network resource and flow allocation as discussed in the previous section. Thus, the evaluation
of the fast restoration schemes on an arbitrarily assigned network resource might not produce
meaningful results, although such an approach has been often taken in the literature. This is mainly
because previous works lack an integrated view of survivable network management from network
design and flow assignment to fast restoration protocol. The current literature also lacks compara-
tive study of different restoration protocols through quantitative measures. Although several major
alternatives exist for self-healing protocols which significantly differ in their implementation strat-
egies (see Section 2.1.2 for details), their comparison has been performed only qualitatively or

through simulation on a sample network.

- Dynamic virtual path (VP) management has become a hot topic in the field of ATM traffic man-
agement [27] [47] [51] [62] [64] [65] [71] [72] [73]. The introduction of virtual path concepts sig-
nificantly reduces the burden of ATM traffic control due to its ability to handle multiple virtual

channels as a bundle (see Section 2.1.1 for details), but it comes at the expense of resource utiliza-

tion. By adaptively updating virtual path routing and bandwidth assignment, a dynamic VP man-
agement scheme attempts to enhance the network resource utilization under a quality of service
(QOS) objective, such as cell loss rate and call blocking probability. However, the vast majority of
the previous works were conducted under an implicit assumption of a ‘fail-free’ network. Only
very recently has the issue of survivable dynamic virtual path management been addressed in the

literature [30], but fast restoration has not been modeled in their approach.

1.3. Objectives and Organization

This project aims to define a complete framework of the survivable network management rang-
ing from a physical network resource design and a dynamic virtual path reconfiguration to fast res-
toration®. This is the first work to incorporate fast restoration control in ATM resource
management. The relevant issues have been previously addressed without any mutual consider-
ation of other important elements. As shown in Figure 1-2, the proposed network management sys-
tem integrates them in order to realize efficient and cost-effective ATM n;atwork management with

restoration capabilities. The fast restoration capability is especially important for public long-haul

6. The term “survivability” has been used in various contexts in the literature. For example, it was considered to be ‘the
capability of a network where a certain percentage of the traffic can still be carried immediately after a failure’ [57]. In
this project, “survivability” is defined as ‘the ability to provide service continuity upon network failure’. In the ATM net-
work environment, it can be interpreted as the restorability of the fast VP restoration scheme.




or metropolitan exchange networks. Since a large amount of traffic is aggregated, an impact of a
network failure is extremely large in such networks. This research considers the ATM inter-office

networks as its primary application area.

The focus is placed on the survivable network synthesis problem and the survivable virtual path
routing (SVPR) problem. The key objectives of this project are 1) to develop the optimization
models which take into account fast restoration schemes and 2) to propose and implement the
solution procedures for the models in order to improve ATM network survivability. Three repre-
sentative fast restoration protocols are considered (see Section 2.1.2 for details), and they are inde-
pendently modeled in the ‘formulation of the survivable network synthesis as well as SVPR
problems. The accommodation of a fast restoration protocol considerably enlarges the size of the

problem. Thus, the challenge is to develop algorithms which make problems computationally trac-

Previous Works

Survivable Network Synthesis

Survivable ATM

for Conventional Networks
Network Management

Survivable Flow Assignment SCFA Problem
for Conventional Networks
Survivable Network Synthesis
for ATM Networks

Fast VP Restoration Control

Survivable VP Routing

Dynamic VP Reconfiguration / SVPR Problem

Figure 1-2. An integrated view of survivable ATM network management



table for networks of a realistic size. Survivable ATM network management architecture is also

introduced to simplify the complexity of survivable network management problems.

As for the network synthesis problem, the joint optimization of capacity and flow assignment is
carried out to find a globally optimal solution for a given link cost function’. Since there is mutual
dependency between the capacity placement and the survivable flow assignment, the obtained
solution cannot be claimed to be optimal if these problems are treated separately. We call this
problem the Survivable Capacity and Flow Assignment (SCFA) problem. The problem formulation
differs by restoration schemes, and distinct solution procedures are developed accordingly. In this

design, full restorability against any single link failure is assured for a projected traffic demand?.

The SVPR problem aims to achieve a higher level of survivability by minimizing the expected
amount of lost flow upon fast restoration from a link failure. A VP configuration and bandwidth
assignment is reconfigured in response to a dynamic change of network environment so that a self-
healing algorithm would succeed. Since the amount of lost flow is calculated based on the self-
healing algorithm, the solution gives an optimal traffic distribution with minimum service inter-
ruption. We also introduce a concept of two-step restoration which accommodates two contradict-

ing requirements after a failure: fast restoration and optimal VP reconfiguration.

The proposed optimization procedures give us a tool for comparative study among different fast
restoration schemes. As mentioned before, their pros and cons have been only discussed qualita-
tively or based on simulation results on a certain sample network. With the SCFA solution proce-
dures, restoration schemes can be quantitatively compared with respect to the optimal resource
installation cost. This comparative analysis helps to clarify the economical benefit of the restora-
tion schemes. The comparison is performed using several networks with diverse topological char-
acteristics as well as various projected traffic demand patterns. The SVPR solution procedures
further elucidate the advantage of the restoration protocols in terms of their attainable restorability.

An interesting result contrary to a widely believed hypothesis is drawn from this analysis.

This report is organized as follows. The next section elaborates the proposed survivable ATM

network management system and introduces the survivable ATM network management architec-

7. The word ‘optimality’ is used throughout the report in a sense that an obtained solution could minimize or maximize
a given objective function.

8. Thus, this design aims to construct a cost-effective one-fault-tolerant network.
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ture and the two-step restoration concept. The SCFA problem is discussed in Section III, including
the problem formulations as well as the development of solution procedures. Comprehensive anal-
ysis of the economic benefit of each restoration protocol is also explored. Section IV is devoted to
the SVPR problem, the problem formulations and their solution procedures. The effectiveness of
the proposed dynamic VP configuration schemes as well as the two-step restoration scheme is
demonstrated through numerical experiments. These experiments employ the link capacity assign-
ment obtained through the SCFA solution procedure for a given projected traffic demand. The per-
formance of the proposed SVPR procedures is examined at various network loads around the
projected demand arising in a practical situation. Finally, Section V summarizes the major contri-

butions of this research, and the report concludes with possible extensions for future research.
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II A Survivable ATM Network Management System

ATM network resource management requires highly complicated procedures since resource
allocation requests from several levels of traffic entities (i.e. ATM cells, calls and virtual paths)
must be handled effectively to meet various types of quality of service (QOS) objectives (e.g. cell
loss rate and call blocking rate). A layered management architecture can simplify the network
management process by classifying different types of network resources and traffic entities into
layers [40]. However, the existing architecture is developed without any consideration of network
survivability. This work proposes a survivable ATM network management architecture, where sut-
vivability functions are embedded into the virtual path layer and the facility network layer.
Dynamic network reconﬁguratioﬁ is performed at these two layers in order to enhance network
survivability. A two-step restoration strategy is further proposed to meet two contradicting require-
ments of virtual path restoration and is implemented at the virtual path layer. A survivability mea-
sure is defined to assess the actual amount of loss the network would suffer in the event of a
failure. This measure is employed as a decision criterion for resource allocation control in a sur-

vivable ATM network management system.

2.1. Background

This section reviews the technologies relevant to survivable ATM network management. They
include the ATM and virtual path concepts and the ATM resource management scheme. ATM
resource management has been widely discussed in the literature, but all previous works lack the
consideration of network survivability. This section also surveys a variety of fast restoration

schemes in detail.

2.1.1. ATM and virtual path concepts

Asynchronous Transfer Mode (ATM) has been adopted by CCITT as a transfer mode for Broad-
band Integrated Service Digital Network (BISDN) [1]. The ATM is a switching and multiplexing
technique based on a short, fixed-size packet called a cell [61]. Unifying the packet structure

enables fast switching and allows multi-media data with diverse traffic characteristics to be sup-
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ported in an integrated manner. Figure 2-1 depicts the ATM cell format standardized by CCITT.

A logical transport path, called a Virtual Path (VP), has been proposed for the ATM networks
[71] [72] and adopted by CCITT [1]. A VP is a logical connection for a pair of nodes which are not
necessarily linked by a single physical cable. As shown in Figure 2-2, virtual paths create a virtual
path sub-network over a facility network. Multiple virtual channels (individual service connec-
tions) are accommodated in a VP, and they are processed as a bundle. Each VP is assigned a route
and a bandwidth that determines the upper limit of virtual channels contained in the path. A virtual
path is specified by the Virtual Path Identifier (VPI) within a header, while a virtual channel is

Byte
GFC (UNI) or
1 VPI (NNI) VP GFC: generic flow control
2 VPI VCI VPI: virtual path identifier
VCI: virtual channel identifier
3 VCI
PT: payload type
4 VCI PT R | CL CL: cell loss priority
5 HEC HEC: header error control
R:  reserved
6 N N UNI: user-network interface
EANAN DATA N\ .
5.3 N , NNI: network-node interface

Figure 2-1. The ATM cell structure

(a) Facility (physical) network (b) VP sub-network

Figure 2-2. A virtual path sub-network
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identified by the combination of the VPI and the Virtual Channel Identifier (VCI) (Figure 2-1).

Figure 2-3 illustrates an example of a VP-based ATM transport system. Direct virtual paths are
established from Node 1 to Node 3 through Node 2 (VP 1) as well as from Node 1 to Node 2 (VP
2). Each virtual path is shared by multiple virtual channels. Two types of ATM switches are intro-
duced: an ATM virtual path (AVP) switch and an ATM virtual channel (AVC) switch. An AVP
switch is directly connected to transbort links at each node, while an AVC switch is installed
between an AVP switch and subscriber lines. An AVP switch checks only the VPI field of incom-
ing cells. A cell is relayed to an outgoing trunk if the node is a transit node for the VP the cell
belongs to (e.g. Node 2 for VP 1 in the above example). A cell is sent to an AVC switch only if the
VP is terminated at the node (e.g. VP 2 at Node 2). The AVC identifies the service entity for the

cell based on the VPI and VCI values and directs the cell to end-user equipment or to another VP.

Major advantages of a virtual path are simplified network management, increased flexibility in
resource management and enhanced network reliability. First of all, the task of a call set-up is sim-
plified by the introduction of virtual paths. A new call is accepted or rejected depending on the
current usage of a virtual path bandwidth. If accepted, a part of VP bandwidthAis reserved for this

call. This call admission and bandwidth allocation process can be performed only at the source

end-users
: AVP: ATM VP switch function

\ ’ / AVC: ATM VC switch function

Node 1 @ Node 3

é\ 1 L 8

pce g &>}

o ]
Node 2

Virtual : . Virtual
Chaniels % Direct Virtual Path from Node 1 to Node 3 (VPI=1) E Channels

Virtual
Chantrllels % VP from Node 1 to Node 2 |(VPI=2)

Virtual
Channels

Figure 2-3. A VP-based ATM transport system
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node of a VP. Furthermore, the routing tables must be updated only at the end nodes of a virtual
path. Thus, the transit nodes of a VP are free from call-by-call based processing during a call set-
up time [71]. The processing load of a transit node is further reduced by grouping virtual channels
into a VP. Cells are relayed to an outgoing link only by checking their VPI field at an AVP switch.
Without a VP, each node must hold switching information on all existing connections in a look-up

table, including the ones relayed at the node.

Dynamic VP reconfiguration capability gives flexibility in network resource maﬁagement and
realizes a high utilization of transmission resources. The VP routing and bandwidth allocation can
be updated in response to a long-term fluctuation or growth of the traffic demand. If a VP band-
width must be fixed, it should be equal to the maximum required capacity in the long run. This
static VP configuration is very inefficient since a link capacity cannot effectively be allocated to
virtual paths under varying traffic demand patterns [65]. The best resource utilization can be
achieved by optimizing the VP routing and bandwidth assignment over a physical network for a
given traffic demand. A dynamic VP reconfiguration approach can also adapt to a topological
change in the physical network, such as a new facility installation or a change due to a network

failure.

Finally, and most importantly for survivable network management, virtual paths can be rerouted
in case of failure. Since VP restoration requires fewer operations than rerouting each call individu-

ally, it is expected to restore more services in a shorter period [82].

2.1.2. Fast path restoration

Extensive research has been conducted on fast path restoration schemes in mesh-type long-haul
or metropolitan exchange networks since Grover [35] introduced an idea of self-healing networks
in 1987 [11] [15] [18] [36] [45] [68] [79] [80] [82] [83]. Originally, the self-healing network was
designed for a synchronized path (e.g. the DS-3 path) restoration in STM networks. An automatic
synchronized path switching system called a Digital Cross Connect (DCC) switch is utilized to
switch affected paths over alternate routes upon a network failure. Recently, the same technology
has been extended to ATM networks where restoration path switching is carried out at a virtual
path level [5] [23] [43] [52]. Due to fast ATM cross connect switching, ATM virtual path restora-
tion has the potential of achieving rapid restoration [82]. Furthermore, the spare capacity can be
allocated logically over working trunks in a VP-based restoration system. Thus, the spare band-

width can also help alleviate temporal traffic congestion.
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When a network failure happens, the fast path restoration mechanism recovers affected transport
paths by rerouting them over alternate paths using spare bandwidth. A restoration protocol typi-

cally takes the following four phases:

Phase 1. Failure detection and notification
Phase 2. Restoration path hunting
Phase 3. Restoration bandwidth reservation

Phase 4. Path rerouting

The following is one of the typical scenarios employed in self-healing networks [82] [83]: When a
link failure happens (Phase 1), one end of the failed facility is designated a Sender node. A Sender
broadcasts restoration messages toward the other end of the link, which is called a Chooser node
(Phase 2). All nodes other than a Sender and a Chooser work as a tandem node. A hop count limit
is imposed at this message flooding phase in order to prevent unnecessary message circulation. A
tandem node writes its node ID and available spare bandwidth information into a message, and the
node relays the updated message to its adjacent nodes. The routing information is accumulated as
a message traverses. When a message reaches the Chooser node, the stored information constitutes
an available restoration route between the two end nodes. Upon arrival of the message, the
Chooser node sends an acknowledgment message back to the Sender over the discovered alternate
route. The spare capacity is res‘erved at this phase (Phase 3). Finally, the Sender issues a confirma-
tion message back to the Chooser which subsequently triggers the transport path switching over
the route (Phase 4). This procedure usually results in finding a set of successive shortest paths and
reserving their maximum spare bandwidth until enough restoration capacity is found. A double-
search algorithm is also proposed to perform bidirectional restoration [23]. Two Sender nodes and

two Chooser nodes are defined, and the above procedures proceed in parallel from the two end |

nodes of a failed link to find restoration paths in both directions.

Various other implementation techniques have been also proposed. Fast restoration algorithms

can be classified as follows by their path rerouting strategies [19] [82]:

1. Restoration path selection: k-shortest path-based versus maximum flow-based.

2. Network segment to restore: line restoration versus end-to-end restoration!.

The self-healing algorithm discussed above employs k-shortest path-based line restoration.

1. Some literature refers to line restoration as link restoration or local rerouting. End-to-end restoration is also referred
to as path restoration, point-to-point restoration, or source-based rerouting.
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Realizing faster restoration and restoring more affected flow are two major goals in self-healing
networks, which lead to two alternative restoration path selection strategies: k-shortest path (KSP)
based restoration and maximum flow (MF) based restoration [20] [82] (Figure 2-4). The KSP-
based restoration aims for quick recovery of affected traffic. As soon as a restoration path is found
in Phase 2, the KSP restoration protocol reserves the available bandwidth over the path in Phase 3
and reroutes (a part of) affected demands over this newly discovered alternate path in Phase 4.
This operation is repeated in parallel until all affected bandwidths are restored or the restoration
process is terminated due to a lack of available spare bandwidth. In other words, the KSP restora-
tion algorithm recovers interrupted traffic at the earliest possible time, whenever any part of the
restoration paths become available. However, this procedure may not be able to find the maximum
available spare capacity [79] (see Figure 2-4). The MF-based restoration approach, on the other
hand, aims to find a rerouting pattern which allows maximum bandwidth to be restored. For exam-

ple, Whalen et.al. [79] propose to employ a variant of the maximum flow algorithm.

Although the MF algorithm can detect more restoration bandwidth, it is computationally com-
plex and very hard to meet the 2-second restoration time objective. Due to the substantial deléy, it
is imperative that the MF-based fast restoration system precalculates restoration routes and plans
rerouting patterns beforehand [11]. The information on the restoration routes is distributed and

stored at relevant nodes. When a failure occurs, affected traffic is rerouted using this information.

Failed Link Failed Link
(a) k-shortest path-based restoration (b) maximum flow-based restoration

Figure 2-4. Two restoration path selection strategies

Assume all working links possess a unit spare bandwidth. Then only a unit flow is restored with k-
shortest path-based restoration, while two unit flows are recovered with maximum flow-based
restoration (restoration paths are shown in bold lines). This example is taken from [20]. This type of
network configuration is named a ‘trap’ topology in the reference. They attributed to it the failure for the
k-shortest path strategy to find a maximum flow assignment.

-17-



With restoration path preplanning, the MF restoration scheme could realize even faster recovery
than the KSP restoration scheme. However, a larger memory space is required at each node and,
more importantly, it is difficult to keep up-to-date restoration information in a fréquently changing
network environment. On the other hand, the KSP restoration protocol does not require any
knowledge of the current spare bandwidth distribution over the network. Therefore, it would be

preferable for networks involving a frequent change in the VP-level demand patterns.

Depending on the location where traffic rerouting is performed, the network restoration strate-
gies can be further categorized into two classes: line restoration and end-to-end restoration (Figure
2-5). When a link failure occurs, a line restoration scheme dispatches alternate routes between the
two end-nodes of the failed link and reroutes all affected traffic around the link. On the other hand,
the end-to-end restoration scheme switches failed VP’s to alternate routes established between
their respective source and destination nodes. When a failure is detected, recovery messages are
sent to the source and destination nodes of all affected VP’s to inform the failure. At this time, the

bandwidth occupied by the affected VP’s is released over their original routes. Then, each source

original VP : original VP A

original VP B

restoration

path #1
NP —— \\__ e
restoration path #2 restoration path for VP A
(a) Line restoration (b) End-to-end restoration

Figure 2-5. Line restoration and end-to-end restoration

Upon a failure of link 2-3, a VP 1-2-3-6 is restored via 1-4-5-6 with end-to-end restoration. However,
line restoration would restore the same VP over a longer path 1-2-4-5-3-6 (restoration path #1) or over a
considerably more inefficient path 1-2-1-4-5-3-6 which includes backhauling [5] on link 1-2 (restoration
path #2). All affected VP’s are rerouted between Nodes 2 and 3 with line restoration. On the other hand,
rerouting usually takes place at different locations with end-to-end restoration. In this example, the VP A
is rerouted between Nodes 1 and 6, while the VP B is recovered between Nodes 4 and 3.
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node initiates virtual path switching over alternate routes. Note that all affected VP’s are rerouted
between the same end nodes with line restoration (between Nodes 2 and 3 in the example of Figure
2-5-a), while path rerouting takes place at different locations with end-to-end restoration (see Fig-

ure 2-5-b).

End-to-end restoration generally requires a lower resource installation cost to realize a fully
restorable network since spare bandwidth can be utilized more efficiently [5] [43] [82]. For given
network resources, it has the poteritial of attaining a higher restorability from a failure. Further-
more, end-to-end restoration can be applied to recovery from a node failure as well as to that from
a link failure [43]. On the other hand, line restoration is expected to be faster in terms of restora-
tion time because its restoration paths are generally shorter and involve fewer intermediate nodes.
However, the VP activation process (Phase 4) could be a bottleneck for line restoration due to the
localization of the process around a failed link. End-to-end restoration, on the contrary, could be
achieved fast enough since the rerouting task can be distributed widely over the network [5]. This
argument is based on the assumption that the restoration paths are precalculated. The computa-
tional complexity of the rerouting path decision process is substantially higher for the end-to-end

restoration scheme?.

According to the above classification, there are four possible variations for fast restoration proto-
cols: (1) MF-based rerouting with line restoration (MF-LINE), (2) KSP-based rerouting with line
restoration (KSP-LINE), (3) MF-based rerouting with end-to-end restoration (MF-ETE), and (4)
KSP;based rerouting with end-to-end restoration (KSP-ETE). Among these combinations, how-
ever, the KSP-ETE rerouting appears to be impractical due to a very slow restoration speed. Since
path rerouting takes place between source and destination nodes in the KSP-ETE scheme, the res-
toration messages must traverse in a considerably wider area compared to the KSP-LINE scheme.
Thus, a higher hop count should be specified to reach the destination, but this increases the number
of broadcast messages. Moreover, this message flooding procedure must be performed individu-
ally for all source and destination node pairs of the virtual paths affected by a failure. As a result,
the number of recovery messages could explode over the network, which would significantly

delay the restoration procedure. For this reason, the KSP-ETE is not considered in our study3.

2. Given a spare bandwidth assignment, line restoration seeks restoration paths between two end nodes, while end-to-
end restoration attempts to find restoration paths between multiple node pairs. Thus, the former problem is formulated as
a single commodity flow problem. On the other hand, the rerouting path hunting problem for end-to-end restoration is a
multicommodity flow problem, whose complexity is significantly higher than that of a single commodity flow problem.
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2.1.3. ATM resource management

In ATM networks, resource allocation requests arise at various levels: ATM cells request a time
slot of a transmission link, calls contend for a virtual path bandwidth, and virtual paths claim phys-
ical link capacity. An ATM resource management system must handle these requests so that qual-
ity of service (QOS) objectives are satisfied. For example, cell loss rate and call blocking
probability must be enforced to be less than their designated levels, and virtual path reconfigura-
tion requests must be granted at a higher possibility than a specified level. A physical resource
must also be properly designed in order to meet these goals. Finding the best resource assignment
strategy, however, is a very complicated task since several different levels of requests must be con-

trolled under various types of QOS objectives.

In order to reduce the complexity, a layered resource management architecture has been pro-
posed for the ATM networks [40]. In their architecture, resource allocation is layered by time
scales. Arrivals of cells, calls, VP reconfiguration requests and physical resource allocation
requests occur on different time scales. The processing time of a cell is on the order of micro-sec-
onds or less, a call session lasts for minutes, a virtual path configuration changes every few hours
or days, and a new physical resource allocation is designed for once a year or over a longer inter-
val. Typically, their time scales differ by two or more orders of magnitude. Based on this observa-
tibn, the resource allocation control is layered in four layers: a cell layer, a call layer, a virtual path

(VP) layer and a facility network (FN) layer (refer to Figure 2-6).

Resource assignment at a layer is performed so that the QOS of the next lower layer is guaran-
teed. When a new call arrives, a call layer reserves sufficient bandwidth to assure the cell level
QOS (i.e, cell loss rate objective) for the connection. A virtual path layer performs reconfiguration
so that enough virtual path bandwidth is allocated to satisfy the call level QOS (i.e. call blocking
rate objective). Finally, a facility network layer designs physical resource placement so that the

probability of failure to meet virtual path bandwidth request (i.e. VP-level QOS) is small.

The heterogeneity of traffic supported in the ATM network further complicates the traffic con-

3. Lin et. al. [52] discuss in their recent paper a new restoration protoco! which is a variant of KSP-ETE. It calculates
candidate alternate VP’s beforehand. When a failure happens, the available bandwidth is searched only over the preas-
signed routes. Their simulation result indicates that restoration can be completed mostly in a second if the protocol is
applied to a metropolitan LATA network. In other words, it might be difficult to adapt it to larger networks even with this
precaution.
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trol. The network must support a wide range of traffic with different bandwidth requirements and
different degrees of burstiness. In a connection of variable bit rate service (e.g. compressed video
traffic), the source bit rate varies over time, and this creates bursty cell arrivals. The notion of
equivalent bandwidth has been proposed to facilitate the bandwidth management of variable bit
rate sources [21] [38] [40]. The equivalent bandwidth provides a unified metric representing the
effective load for the connection. It is computed based on the source statistics and requested QOS

of the connection.

The proposed architecture considerably simplifies the complexity of the ATM network manage-
ment. Due to a large difference in the operating time scales between two adjacent layers, the trans-
mission resource configuration at a higher layer can be regarded to be quasi-static. Thus, each
layer only has to manage the corresponding traffic entity* for a given view of an available higher-
level network resource [40]. For example, a call admission and its routing can be determined at the
call layer for a given VP sub-network, and a virtual path configuration can be optimized at the VP
layer for a given physical network. With this limited view of a network resource, the network man-
ager at each layer can concentrate on resource allocation of its traffic entity to promote the QOS of
its own layer. For example, the call layer can employ dynamic call routing to reduce call blocking
in a VP sub-network [7] [46].

Another simplification attained by the layered architecture is in the interaction between layers.
Each layer only has to care about assuring the QOS objective of the next lower layer. This QOS
assurance is accomplished by assigning sufficient bandwidth at the layer. The equivalent band-
width can be defined at each layer, and it expresses the required bandwidth to guarantee the QOS
up to the layer of concern [40]. For example, consider the equivalent bandwidth defined at the VP
layer, which we call a VP-level bandwidth or VP-level traffic demand. By satisfying VP-level traf-
fic demand, a resulting VP sub-network can restrict the call blocking rate below its designated
level. In the formulation of the survivable virtual path routing (SVPR) problem as well as the sur-
vivable capacity and flow assignment (SCFA) problem discussed in the following sections, the
end-to-end flow requirement is assumed to be given by a VP-level bandwidth. The aggregate traf-
fic load can be obtained by simply adding the equivalent bandwidth of each connection [21].

Using this property, we can define the problem as a multicommodity flow problem [9].

4. Traffic entity can be cells, calls or virtual paths.
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2.2. Survivable ATM Network Management

2.2.1. Survivable ATM network management architecture

Network survivability becomes increasingly important as society becomes more dependent on
communication networks. However, most previous work on ATM traffic control dwells on an
implicit assumption that all network components are functioning. In order to build a reliable ATM
network, survivability functions must be incorporated into an ATM resource management system.
Their integration, on the contrary, increases the complexity of the ATM network management
tasks. To overcome the difficulties, the layered managemenf architecture described in the previous
section is extended to survivable ATM network management. The architecture can simplify the
resource management by classifying various levels of network resources and traffic entities into

layers.

Figure 2-6 illustrates the survivable ATM network management architecture proposed in this

project. The survivability functions are embedded at the VP and higher layers, considering the fact

. FN manager
Facility Network Layer Facility network planning
—_ A —» SCFA
Survivability measure
Topological change
VP manager
VP-level e g 3 . . :
traffic demand Virtual Path Layer VP routing / bandwidth _g. gypR
A management
Call level QOS Fast VP restoration
Calls ] Call Layer Call manager
Admission control
Dynamic call routing
Cell level QOS
, Traffic enforcement
Cells .“...4.....“..,“.4.«). Cell Layer Smoothing

Priority buffering

Figure 2-6. A survivable ATM network management architecture
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that path level recovery enables rapid and efficient restoration and reduces the complexity of traffic
management [82] (refer to Section 2.1.2). A survivability measure (see Section 2.2.3 for details) is
introduced to capture the degree of attainable network survivability. At the VP layer, the VP man-
ager builds a VP sub-network over currently available physical network resources. Given a VP-
level traffic demand satisfying call level QOS, the VP manager conﬁgures virtual paths so that the
survivability measure is optimally enhanced. This leads to the SVPR problem discussed in Section
IV. The VP manager also performs fast VP restoration when a network failure happens. If the VP
manager cannot maintain a survivability measure at a desired level due to a growth of traffic
demand, the FN layer must trigger a facility network planning process. The FN manager designs
an additional physical resource placement for a newly projected traffic demand so as to satisfy the
survivability measure objective’. The SCFA problem discussed in the next section deals with this

physical network design problem.

2.2.2. Two-step restoration scheme

Two contradicting requirements should be satisfied upon virtual path restoration. After a failure,
it is desirable to realize an optimal VP configuration which incurs the least service interruption
upon a possible subsequent failure. However, the optimal flow calculation introduces a computa-
tional delay, while it is essential to complete the restoration as quickly as possible for high-speed
networks. In order to accommodate these contradicting requirements, fast VP restoration and opti-
mal VP reconfiguration, the VP manager uses a two-step restoration approach as shown in Figure
2-7. Upon failure, the VP restoration manager executes the fast restoration procedure to accelerate
a recovery from the failure. After the restoration is completed, the VP planner module computes
an optimal VP assignment for the new network topology, and a VP configuration is again changed
to the newly calculated optimal solution (network-wide restoration). Although this scheme tempo-
rarily produces a flow which is not optimal from the survivability viewpoint, it is permissible in

practice since more than one network failure may not happen successively in a short time.

S. The VP-level QOS objective must also be satisfied by the FN layer. Namely, the probability of failure to assign
requested VP-level bandwidth must be less than a designated level. Since a survivable network requires significantly
more physical resource installation for restoration purpose, however, a network satisfying the survivability measure
objective can also meet the VP-level QOS objective. Therefore, it is not necessary to consider the VP-level QOS in the
survivable network management system.
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2.2.3. Survivability measure

The survivability measure gives a quantitative metric for the attained survivability level of the
network. It is used as a decision criterion for resource management control in a survivable ATM
network. For example, the VP manager employs the survivability measure as an objective function
of the VP planner module. Based on this measure, the FN manager decides when to initiate a facil-
ity network planning process. The survivability measure is also useful in evaluating the perfor-

mance of the proposed VP planner modules.

A good measure of survivability should express the actual amount of damage experienced in the
network or by end-users, instead of using traditional reliability criteria such as global availability.
A number of lost calls have been proposed for such a measure at the call layer in telecommunica-
tion networks [55] [70]. Similarly, the amount of lost flow (VP-level bandwidth) can be employed
to express damage to the VP layer. A restoration ratio has also been used in the literature of self-
healing networks [37] [78]: It is defined as an expected percentage of recoverable flow per span
failure. Since the average flow per span depends on flow assignment, this measure does not pre-
cisely express the amount of damage in the dynamically reconfigurable network environment. In

the following, the amount of lost flow is employed as the survivability measure.

Let S be a set of possible failure patterns and w, be the probability of a failure event s€ S.

Network failure

VP Manager
( VP Restoration Manager Execute a self-healing algorithm
1. Fast Restoration Requirements for survivability
v
—_p( Calculate a new
N VP Planner > optimal configuration

2. Network-wide Restoration

Topological change
Demand dynamics

Figure 2-7. Two-step restoration approach
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Then, the expected lost flow L, givenby L = Zs cs”s x L, can be employed as the survivabil-
ity measure, where L is a lost flow due to a failure event s € S . The selection of the state space S
is another factor for survivable network design. The more failure patterns are included, the more
precise estimate of the damage the survivability measure can expréss. However, this increases the
complexity of the design procedure. For design purposes, it would be sufficient to consider a set of
the most probable failure events as a whole state space. According to [82], a complete fiber cable
cut is the most common and frequently reported failure event among disastrous network failures
over the decades. Therefore, we take the events of a single link failure as a whole state space (S=E)
and assume that each failure is equally weighted (w;= 1/ |E|), where E is a set of links in the net-
work. Note that although a VP assignment is computed assuming a single link failure, the system

can work against any failure as long as the fast restoration algorithm supports it.

A worst lost flow per failure, given by L = max {L_} , would be another candidate for repre-
senting the survivability measure. By minimiziﬁvg‘E tﬁis measure, the VP planner module will find an
optimal minimax routing. The minimax routing has been reported to be preferable since the opti-
mal solution tends to balance the traffic over the network, resulting in better call and cell level
QOS [48]. However, it turns out to be inappropriate for the survivability measure. The problem
arises if there is a link where a significant loss becomes inevitable due to a demand growth. A typ-
ical example is a failure of either link adjacent to a node of degree two. If line restoration is
employed, all affected VP’s must be rerouted over the other remaining link incident to the node.
Thus, if the total bandwidth of either link is less than the demand originating and terminating at
this node, then data loss is unavoidable after a failure of the adjacent 1ink®. Maximum loss per fail-
ure would occur upon failure of such a link. Then, any flow assignment can be the optimal solution
based on the minimax function, as long as no virtual paths are relayed at the node to minimize this
maximum loss. However, the attainable survivability level with other link failure scenarios could

significantly differ among such assignments, but the minimax objective function cannot distin-

guish them.

2.2.4. Network reconfiguration

The primary goal of network reconfiguration is to realize a high utilization of network resources

while maintaining the design objectives of each layer (QOS or survivability measure) at an accept-

6. Namely, the only remaining link leaving the node cannot accommodate the demand originating and terminating at the
node.
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able level. Three types of network reconfiguration are identified corresponding to the FN, VP and
call layers. Network reconfiguration mechanisms at the FN and VP layers are related to the surviv-
ability requirements, which lead to the SCFA and SVPR problems discussed in the subsequent sec-

tions.

Each call session typically lasts for minutes. Thus, an aggregate traffic demand may fluctuate
over minutes to hours. This short-term demand fluctuation can be accommodated at the call layer
by applying a dynamic call routing mechanism over a VP subnetwork. Dynamic call routing
attempts to use an alternate route when a primary route (e.g. direct VP) is not available (refer to [7]
[8] and [46] for details). We refer to this dynamic adjustment of call routing as short-term reconfig-
uration. By adaptively assigning transmission resources, dynamic call routing is expected to cope
with load variations and to lower a call blocking rate. Furthermore, the peak load at a different
time-zone occurs at a different time in a long-haul network. A dynamic routing scheme routes a
part of the peak traffic ét one-zone over alternate routes in a non-peak zone in order to promote
resource utilization [46]. The VP-level reconfiguration is reqliired when the call level QOS cannot
be maintained even with the dynamic call routing mechanism due to a further traffic fluctuation

over a longer time scale.

VP-level dynamic reconfiguration, which is called long-term reconfiguration, promotes the
attainable survivability level in response to a change in network environments. In addition to the
network-wide restoration after a failure, there are several scenarios in which the VP planner is
invoked. First of all, the VP planner is triggered when the higher layer configuration (facility net-
work) has changed, not only due to a network failure (an unplanned change) but also due to a
planned change such as reintegration of the repaired component, a new facility installation, or a
planned facility removal (for a component test, for example). VP reconfiguration is executed in
order to cope with a change in the underlying facility network and to improve the network surviv-
ability. VP reconfiguration process is invoked before the planned removal of a network resource,
or after the planned installation or unplanned change. These changes would happen very infre-

quently, say over months.
A dynamic VP reconfiguration procedure is invoked more frequently to cope with demand

dynamics. The VP-level traffic demand patterns may change in hours due to demand variations

within a day. It may also fluctuate in days or weeks due to the daily or seasonal demand character-
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istics or due to a long-term growth of traffic demand. Owing to a vast volume of traffic aggregated
in the ATM inter-office networks and due to the effect of dynamic call routing, it is expected that
short-term load variations would be statistically averaged. Thus, the VP reconfiguration interval
would be relatively long: It could be a few hours or days depending on how fast the aggregate traf-

fic fluctuates [40].

The reconfiguration interval is also influenced by the VP traffic control policy and the speed of
the VP planner module. A fine tuning of the VP configuration could lead to a higher utilization of
the network resource. However, a frequent update increases the load of the VP planner module.
Thus, the update interval must be determined considering the trade-off between reducing process-
ing complexity and increasing network utilization. The VP planner should compute a new VP con-
figuration as quickly as possible, say in a period one or two orders of magnitude less than the VP
update interval. Thus, the speed of a VP planner module further determines a feasible range of a

VP configuration update interval.

The call manager at the call layer monitors call-level traffic activities and periodically calculates
statistics on a call blocking rate as well as VP bandwidth usage. VP reconfiguration is required if a
call blocking rate exceeds the call level QOS objective. The VP reconfiguration procesé is also
necessary if the demand forecast for an upcoming period7 cannot be accommodated in the current
configuration. In these cases, VP planner reconfigures virtual paths so as to satisfy a newly pro-
jected VP-level traffic requirement. Out of such candidate configurations, the VP planner seeks the

one which attains the best network survivability.

When a new VP configuration is calculated, the change must be made gracefully. Here ‘grace-
ful’ means that the VP reconfiguration would not affect the connections currently in service. In
order to avoid abrupt service interruption and provide service transparency, the cell sequence
integrity must be assured for all VC’s upon VP reconfiguration. If a VP route stays the same, this
precaution is unnecessary; VP reconfiguration can be accomplished immediately by changing its
bandwidth. However, the VP reconfiguration may involve a radical change on its routing assign-
ment, especially upon the network-wide restoration after a failure. In such a case, cells may arrive

out of sequence if a path is switched over without any precaution. There are two possible

7. The demand projection could be calculated from the current traffic load and the demand patterns experienced in the
past. The maximum required bandwidth over an upcoming period is reserved.
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approaches to realize graceful VP reconfiguration: One way is to keep an old virtual path until all
active connections are closed. All newly admitted calls are routed over a new path, and the VP
bandwidth is gradually reassigned to the new path as the VP bandwidth over the old path is
released. Another possible approach is the application of the ATM hitless path switching mecha-
nism [76] [82]. The hitless switching mechanism synchronizes between the old and new routes.
The difference of delays between the two routes is adjusted by cell buffering if the original route is
longer than the new one®. This hitless switching mechanism can be gradually applied to virtual
paths involving their route change. Combination of the above two approaches would give a further -
alternative, where long-lasting connections over an old virtual path are finally switched to a new

path by the hitless path switching mechanism.

Finally, the network reconfiguration also occurs at the FN layer. When the VP planner cannot
maintain survivability measure at a desired level®, the FN manager is invoked to design a surviv-
able network in a cost-effective manner. This network reconfiguration is called very long-term
reconfiguration. Given a maximum VP-level traffic demand projected over some future time
frame (say a year or two), the FN manager seeks the physical resource assignment which guaran-
tees full restorability from network failure at a minimum cost. This reconfiguration typically hap-

pens on a very long time scale, say over years.

Table 2-1 summarizes various types of the network reconfiguration for survivable ATM net-

works.

2.3. Summary

This section introduces the proposed survivable ATM network management system. A surviv-
able ATM network management architecture integrates survivability functions into the existing
ATM resource management system at the FN and VP layers. In order to achieve a higher level of
network survivability, network reconfiguration is performed at these two layers. This leads to the
two problems discussed in the following two sections: the SCFA (survivable capacity'and flow

assignment) problem and the SVPR (survivable virtual path assignment) problem; The survivabil-

8. In this case, out-of-sequence cell delivery may happen without buffering since a cell over a new route just after path
switching may arrive at the destination earlier than a cell over an old route just before the switching.

9. For example, when full restorability is not assured for a long period (say a few months), or when an expected lost
flow (survivability measure) averaged over months grows beyond a designated level (say 0.1 percent of the average
load). The statistics on the attained survivability measure can be collected by the VP manager.
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ity measure is introduced to control resource allocation in the proposed survivable network man-
agement system. The two-step restoration strategy is proposed to meet two contradicting
requirements of virtual path restoration: fast restoration and optimal flow assignment. Its effective-

ness will be discussed in Section IV.

This section presents several implementation techniques of the fast restoration protocol. The
selection of a restoration strategy completely depends on the application environment. The follow-
ing criteria must be considered at the design phase of a survivable ATM network:

1. Link installation cost
Attainable restorability for a given physical resource
Speed of the VP planner module
Speed of the VP restoration manager module

Frequency of change in the VP-level traffic demand

o noh W

Implementation cost of the VP manager

This project clarifies the-effectiveness of each restoration scheme with respect to the first three cri-
teria. Required spare capacity cost is elaborated in the next section, while Section IV discusses the
attainable restorability of each scheme as well as the applicability of the proposed VP planner
module based on the required computation time. The analysis presented in this project would help
to elucidate the applicable VP control and restoration strategies. The results can be applied to the

decision process at the design phase of a survivable ATM network management system.

Table 2-1. Various types of network reconfiguration for survivable ATM networks

Type of network reconfiguration Descriptions

Very long-term reconfiguration Reconfiguration of the underlying facility network at the FN
' layer to maintain the survivability level. Triggered when a VP
planner cannot maintain a survivability measure at a satisfac-
tory level, mainly due to a growth of traffic demand over a
very long time scale, say over years.

Long-term reconfiguration Network-wide optimal VP reconfiguration. Triggered mainly
due to a change in a traffic trend at a longer time scale, say
over hours or days. Also invoked when a significant topologi-
cal change occurs, including one due to a failure.

Short-term reconfiguration Reconfiguration due to traffic fluctuation for minutes to hours.
Use a dynamic call routing mechanism over a VP subnetwork
at the call layer.
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III Survivable Capacity and Flow Assignment (SCFA)

The SCFA problem arises when the virtual path layer cannot maintain the network survivability
at a desired level due to a growth of traffic demand over months or years. The facility network
layer invokes the FM manager to plan additional network resources on such occasions. This sec-
tion develops optimization procedures for the networks based on two different restoration
schemes: line restoration and end-to-end restoration. Capacity and flow assignment is jointly opti-
mized to find an optimal capacity placement. Several mechanisms are proposed to reduce the com-
putational complexity of the joint optimization. As discussed in Section II, end-to-end restoration
schemes have been considered more advantageous than line restoration schemes because a fully
restorable network could be realized with less spare capacity. A comparative analysis is exten-
sively conducted to clarify the benefit of end-to-end restoration schemes quantitatively in terms of
minimum resource installation cost. This study reveals that the economical gain could be nominal

for a well-connected and/or unbalanced network.

3.0. Introduction

The SCFA problem aims to find the most economical capacity placement which assures a fully-
restorable virtual path assignment for a projected traffic demand. Previously, only a limited num-
ber of works have studied an optimal spare capacity placement problem for line restoration-based
self-healing STM networks [37] [68]. Given thé number of working transport paths per link, these
studies calculate a spare link assignment with minimum installation cost, subject to the constraint
that any single-link failure can be restored successfully. A flow is preassigned to each link,
although there is no guarantee that this assignment gives the most cost-effective capacity place-
ment. As for end-to-end restoration-based networks, no published work on the optimal capacity

assignment problem was found.
We propose a jointly optimal capacity and flow assignment procedure in order to find a globally

optimal solution for a given link cost function. Since there is mutual dependency between the link

capacity placement and the survivable flow assignment with a given link capacity, the obtained
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solution cannot be claimed to be a true optimum if these problems are treated separately [24].
However, the complexity of the problem grows tremendously with joint optimization. Several

mechanisms are developed to make this problem computationally more tractable.

Despite the high complexity of its rerouting decision process, an end-to-end restoration scheme
has been widely cited to be more advantageous than a line restoration scheme [5] [11] [19] [43]
[68] [82]. Tl}e former scheme could effectively use the spare bandwidth, and thus less redundant
capacity would be necessary to construct a fully restorable network. However, no comprehensive
work has been performed on the quantitative comparison of these two schemes to confirm this
assertion for various network environments. The only available numerical results so far are based
on computer simulation! [5] or heuristics [43] using a single sample network. However, it is not
clear how close the obtained solution is to the optimum. The comparison based on heuristics
leaves us uncertain as to whether the benefit comes from the end-to-end restoration scheme or the

optimization error.

With globally optimal solution procedures at hand, we can now make a meaningful comparison
between the two restoration schemes. A comparative study is performed with respect to the mini-
mum spare capacity installation cost in order to elucidate the economical gain due to the end-to-
end restoration schemes. Several networks with diverse topological characteristics as well as sev- -
eral projected traffic demand patterns are employed in the experiments to see the effect of various

network parameters.

The rest of the section is organized as follows: Section 3.1 provides ‘the formal definition of the
SCFA problem and discusses several options which determine the problem structure. The problem
formulation and the solution approach are presented in Section 3.2 for the self-healing networks
based on line restoration protocol, while Section 3.3 is devoted to those based on end-to-end resto-
ration protocol. The validity of the proposed algorithms is also demonstrated in the respective sec-
tions. The results of comprehensive numerical study are reported in Section 3.4, followed by the

concluding remarks in Section 3.5.

1. No details are provided in the reference.
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3.1. Formal Problem Definition

An ATM network is modeled as a directed graph G = (V, A, ¢) where V is a node set repre-
senting ATM switches, A is a set of directed arcs representing optical trunks, and ¢ = (c,) isa
vector of arc capacity (a € A). Let E denote a set of undirected links. We assume that the network
is bidirectional and that each link consists of two directed arcs with the same end-nodes but in
opposite directions (i.e. |A] = 2 -|E}). A link represents a complete set of optical fibers installed
between two nodes, and a network failure (e.g. a complete span cut) is expressed in terms of a link
in the problem formulation. On the other hand, an arc embodies a set of transmission media going
from one node to the other end of a link, and the capacity and flow assignments are calculated per

arc.

A commodity is a traffic flow from an origin to a destination. One commoaity is defined for each
origin and destination pair. Let I be a set of commodities in the network and Q = (qn) be a vec-
tor of the requested VP-level bandwidth for each commodity ©t € I1. Multiple VP’s are estab-
lished for each commodity to satisfy the traffic requirement. It is assumed that each commodity
involves a significant number of VP’s and thus that the bandwidth of each VP is considerably
small compared to qn, This is a reasonably realistic assumption for the future ATM interoffice
exchange networks where a very large volume of calls with a wide variety of services are aggre-
gated. A VP is expected to have a bandwidth on the ordef of a few Mbps to a hundred Mbps [6],
while a link will be composed of multiple optical fiber cables, each having a capacity on the order
of ten Gbps to Tbps [56] [66]. Bas_ed on the above assumption, a commodity flow as well as a res-
toration flow can be simply expressed by a single continuous flow variable in the problem formu-
lation, instead of using an individual variable per VP. This considerably reduces the complexity of
- the problem while maintaining the accuracy of the solution. Let £ denote a vector of arc flow.

3

Now the SCFA problem can be formally stated as the following optimizatidn problem:

Given V,Aand Q, _ (SCFA)
Minimize Network resource installation cost D (¢)

over c¢andf,

subjectto a) f is a multicommodity flow satisfying Q, (flow conservation law)
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b) capacity constraints are satisfied, and : - (capacity constraints)
c) full restorability is assured through fast restoration.

(full restorability constraints)

The full restorability constraints differ according to the failure events considered in the network
design as well as the traffic rerouting strategy adopted in the self-healing network. From the sur-
vivability viewpoint, a network should be designed to fully recover from as many failure patterns
as possible. However, this will increase not only the network installation cost but also the com-
plexity of the optimization procedure. As discussed in Section 2.2.3, a complete span cut is consid-
ered in our formulation since it is known to be the most common and frequently reported failure

event over the decades [82].

The full restorability constraints further differ according to the traffic rerouting strategies. Three
strategies identified in Section 2.1.2 are considered in the SCFA problem: (1) MF rerouting with
line restoration, (2) MF rerouting with end-to-end restoration and (3) KSP rerouting with line res-
toration. In the following, the corresponding SCFA problems are referred to the SCFA-MF-LINE,
SCFA-MF-ETE and SCFA-KSP-LINE problems, respectively. As will be discussed in Section 4.4,
the KSP-based formulation suffers from non-convex constraints. The MF-based formulation, on
the other hand, is immune to this problem, and the constraints can be written as a set of linear
equatioﬂs by introducing restoration flow variables. In the following, we focus on the MF—based.
systems, and their globally optimal solutions are obtained through the mathematical programming
techniques. We develop a heuristic approach for the SCFA-KSP-LINE problem. The initial solu-
tion of the SCFA-KSP-LINE is obtained from the optimal solution of the SCFA-ME-LINE prob-

lem.

3.2. SCFA-MF-LINE

3.2.1. Problem formulation

The intricate math is shown in Appendix A in order to preserve the flow of the document.

3.2.2. Solution approach

The intricate math is shown in Appendix B in order to preserve the flow of the document.
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3.2.3. Validity of the algorithm

The intricate math is shown in Appendix C in order to preserve the flow of the document.

3.2.4. Extension to SCFA-KSP-LINE

The intricate math is shown in Appendix D in order to preserve the flow of the document.

3.3. SCFA-MF-ETE

3.3.1. Problem formulation

The intricate math is shown in Appendix E in order to preserve the flow of the document.

3.3.2. Solution approach

The intricate math is shown in Appendix F in order to preserve the flow of the document.

3.3.3. Validity of the algorithm

The intricate math is shown in Appendix G in order to preserve the flow of the document.

3.4. Evaluations

3.4.1. Major advantages of the ETE and JOA schemes

The required resource installation cost is expected to decrease with joint optimization as well as
end-to-end restoration. In order to understand the causes of the economical benefit due to these
schemes, we first analyze the results based on the small sample network shown in Figure 3-1. The
two optimal assignment approaches are employed for each restoration scheme: Jointly Optimal
Assignment (JOA) and Optimal Capacity Assignment (OCA). The JOA jointly optimizes the
capacity and flow assignment using the techniques proposed in the preceding two sections, while
the OCA optimizes the capacity placement with a predetermined commodity flow assignment. The
commodity flow is fixed to be the shortest route flow? in our experiment. Since the shortest route

flow requires the least amount of capacity to satisfy the traffic demand, this flow assignment must

2. A sshortest route flow is a multicommodity flow where each commodity is routed over its shortest path under a certain
arc cost [22]. In this case, an arc cost is defined to be a unit capacity cost over an arc.
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be the best choice if a flow must be predetermined3. Thus, a comparative study between the JOA
and OCA schemes clarifies the benefit of the joint optimization. The capacity and flow assignment
of the following four cases are, therefore, studied in this experiment: 1) end-to-end restoration
with JOA (ETE-JOA), 2) end-to-end restoration with OCA (ETE-QCA), 3) line restoration with
JOA (LINE-JOA), and 4) line restoration with OCA (LINE-OCA). The traffic demand used in the
experiment as well as the resulting commodity flow assignment are shown in Table 3-2. Table 3-3
summarizes the optimal cépacity placement for each scheme. A restoration flow assignment is
illustrated for two failure scenarios in Figures 3-2 and 3-3. Three major causes are identified for

the superiority of the end-to-end restoration scheme.

Cause 1. With the line restoration scheme, a VP may suffer backhauling [5] after restoration.
Moreover, it could even contain a loop. On the other hand, end-to-end restoration is
immune to these problems, and thus it can avoid unnecessary consumption of spare

bandwidth.

Consider the case of the OCA approach where the flow assignments for the two restoration
schemes are identical. Upon a failure of link 2, the <5,1> commodity4 is restored over the path
5-3-2-13 with end-to-end restoration (Figure 3-2-b). Line restoration recovers the <5,1> com-
modity over 5-4-5-3-2-1. Thus a flow is assigned to traverse back and forth between nodes 5 and

4 (Figure 3-2-a). This phenomenon is called backhauling [5], and the spare bandwidth over 5-4-

Link cost
(Link ID)

Figure 3-1. A small sample network

3. This hypothesis is further confirmed by the following result with the JOA-based assignment: At the optimum, virtu-
ally all commodities are served via a single route to carry their traffic demand, and only a few use multiple routes.
Although such a route is not necessarily the shortest one, most flows are routed over the least expensive path. This sug-
gests that the shortest path is the best choice for most commodities, and thus a shortest route flow is an obvious choice if
a flow must be predetermined.

4. A commodity from a source node « to a destination node b is referred to as commodity <a,b>.
5. a-b-c denotes a path from nodes a to ¢ through b.
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Table 3-1. Demand and commodity flow assignment in the small sample network

ETE | LINE
Src. | Dest. [ Demand JOA JOA OCA Route
I 2 200 200 200 200 1>2
2 1 200 200 200 200 2->1
I 3 100 100 100 100 1>2->3
3 1 100 100 100 100 321
1 4 300 300 300 300 1->4
4 1 300 300 300 300 4->1
1 5 100 100 1->4->35
’ 100 100 1->2->5
5 1 100 100 100 100 5>4->1
2 3 200 200 200 200 2->3
3 2 200 200 200 200 352
2 4 1,000 700 950 1,000 2->4
300 2->1->4
50 2->3->4
4 2 500 500 500 500 4->2
2 5 200 200 200 200 2->5
5 2 200 200 200 200 5->2
3 4 300 300 300 | 300 3->4
4 3 300 200 300 300 4.>3
100 4->5->3
3 5 100 100 100 100 3>5
5 3 100 100 100 100 5->3
4 5 300 300 300 300 4->5
5 4 300 300 300 300 5->4

The demand and commodity flow assignment is given in terms of BU (bandwidth unit). The BU is
an arbitrary unit of bandwidth, say Mbps.

Table 3-2. Optimal arc capacity assignment in the small sample network

Arc (src. - sink) [JI-272-T11-474-1712-313-272-4]4-272-575-273-474-313-575-34-535-4][Total
Arc cost” [IO[TO[IO0[TO[TOVTIO[TO[TO(I5|I5|IZ[ 12| 1T.0| 1.0 1.0 | T.0}[Cost?
Total® 700700 ['700 [ 700700 [ 500 | 700 | 700 | 500 | 200 | 600 [ 200 [ 200 [ 500 | 600 | 700{|9410

= 5: Flow! 400 | 600 | 600 | 400 | 300 | 300 | 700 | 500 | 300 | 200 | 300 | 200 | 100 | 200 | 400 | 400(|6250
=S| spare® {300 100 | 100 | 300 | 400 | 200 200 | 200 300 100 | 300 | 200 | 300|; 3160
m Total 700|900 900|700 | 550 | 500 | 950 | 700 | 450 | 200 | 550 | 300 | 250 | 500 [ 500 330([ 9693
Z é Flow 400|300 | 300 | 400 | 350 | 300 | 950 | 500 | 300 | 200 | 350 | 300 | 100 | 100 | 300 | 400/ 5930
~ = | Spare 300 { 600 { 600 | 300 | 200 | 200 200 [ 150 200 150 {400 [ 200 | 150(| 3765
< Total 700 | 900 {1000 700 | 450 | 450 [1000] 600 | 450 | 350450 | 350 | 250 [ 350 | 350 | 650(| 9760
E ¢ | Flow 300 | 300 | 400 [ 400 | 300 | 300 [1000| 500 | 200 | 200 | 300 [ 300 | 100 | 100 | 400 | 400|! 5820
o O | spare 400 | 600 | 600 | 300 | 150 | 150 100|250)150]150| 50 | 150|250 | 150 | 250(;3940
o < Total 700900 [1000[ 700} 500 | 400 [1000] 700 | 400 | 300 | 500 | 300 | 300 | 400 | 600 | 600{[ 9810
Z o | Flow 300 | 300 | 400 { 400 | 300 | 300 [1000| 500 | 200 | 200 | 300 { 300 { 100 | 100 | 400 | 400|5820
= O | Spare 400 [ 600 | 600 | 300 | 200 | 100 200 | 200|100 | 200 200 | 300 | 200 | 200((3990

a. Total installation cost (CU). CU (cost unit) is an arbitrary unit of arc capacity installation cost.
b. A unit arc cost (CU/BU).
¢. Total capacity of an arc (BU).

d. Aggregate arc flow. (BU)

e. Spare capacity of an arc. (BU)
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5 is wasted. In our experiment with a larger network, line restoration could generate a loop in the
middle of a rerouted VP. This looping further deteriorates the performance of line restoration,

although it is a relatively rare event compared to backhauling.

Cause 2. End-to-end restoration can geographically distribute the effect of failure over the net-

work and lead to a higher level of sharing in spare capacity among failure events.

The more spare bandwidth is shared for restoration from different failure scenarios, the less
spare capacity is needed in total. End-to-end restoration could attain a higher Degree of Sharing
in Spare Capacity (DSSC) than line restoration since alternate paths could be dispersed in a geo-
graphically wider area. On the other hand, all alternate paths for the line restoration scheme must
be terminated at the end-nodes of a failed link. Thus, required spare capacity would be more
localized for each failure, and redundant bandwidth could be shared less among different link
failure scenarios. For example, consider again a failure of link 2 and the restoration due to the

LINE-OCA as well as the ETE-OCA (Figure 3-2). In order to recover a 400 BU® fiow on arc 4-

(a) LINE-OCA (b) ETE-OCA
Figure 3-2. Restoration flow of arc 4-1 == (arc spare capacity) ==
upon a failure of link 2 — <commodity flows ——
All numbers in the figure are given in terms of BU (bandwidth unit). —restoration flow———

6. BU (bandwidth unit) is an arbitrary unit of bandwidth, say Mbps.
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1, the line restoration scheme requires a 400 BU spare capacity in total over the arcs leaving
node 4. On the other hand, the end-to-end restoration scheme uses 100 BU less spare capacity in
total since the affected path 5-4-1 is rerouted over a path away from node 4 (5-3-2-1). This extra
bandwidth prepared for line restoration turns out to be unnecessary for other failure scenarios,

implying less efficient usage of the redundant capacity.

Cause 3. The end-to-end restoration scheme, especially when combined with JOA, can share
spare capacity more wisely by reclaiming the working capacity of affected VP’s for

restoration purposes.

Generally speaking, the links adjacent to a vertex with node degree 2 usually require relatively
large amounts of spare capacity for line restoration. Upon a failure of either link, all flow on the
link must be restored over the other link. Since there is no other alternative, increasing a flow on
such links requires twice as much capacity installation for its primary use as well as for the res-
toration. Therefore, the LINE-JOA scheme usually avoids routing a flow via such a ‘trap’ node.
In our exami)le, no flow is routed through node 1, and only demand originating or terminating at
the node is assigned over its adjacent links (Table 3-2). These links still require twice as much
bandwidth as the total demand coming into and going out of the node. A large part of their spare
capacity is typically prepared for the recovery from a failure of the édjacent link. Thus, spare
capacity would be inefficiently allocated on the links adjacent to a trap node with line restora-

tion.

By routing more flow over a trap node, the end-to-end restoration scheme could reduce the
totél capacity installation cost. Since the ETE scheme can reclaim the working capacity of
affected virtual paths for restoration purposes, link capacity can be used for an original flow
assignment as well as for restoration. This capacity sharing is especially useful at the links where
a large amount of spare capacity is required, such as the links around a trap node. Let us explain
the case with the example of the small network. With the ETE-JOA scheme, 30 percent of the
<2,4> demand is conveyed over the path 2-1-4 without increasing the total capacity over links 1
and‘ 2 (Tables 3-2 and 3-3). Upon a failure of link 1, this traffic is rerouted over 2-5-4, and its
working capacity of 300 BU over arc 1-4 is released (Figure 3-3). A flow of 400 BU previously
originated from node 1 towards node 2 is now restored over arc 1-4 by claiming the capacity
which was occupied by the <2,4> demand. Thus, the required spare capacity on arc 1-4 is only

100 BU although a flow of 400 BU must be restored upon the failure. As a result of this routing
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and restoration strategy, we can reduce the working capacity of commodity <2,4> over arc 2-4

by 300 BU.

Reclaiming of working capacity does not necessarily happen around a zrap node. In the above
example, the <2-4> commodity over path 2-1-4 is switched to 2-5-4 upon a failure of link 1.
However, only 200 BU spare capacity is allocated over arc 2-5 while the rerouted bandwidth
amounts to 300 BU. An additional 100 BU for the restoration comes from the working capacity
which was occupied by the <1,5> demand over 1-2-5 and released upon the failure. The reclaim-
ing effect is further observed in the <4,3> commodity where a third of its demand is routed over
a longer path. In summary, the ETE-JOA approach can realize economical capacity allocation
by using part of a link capacity for both an original flow assignment and a restoration from a fail-

ure scenario.
The JOA can save resource installation cost over the OCA for the following reason:

Cause 4. 'The JOA scheme can adjust a flow so that the spare capacity can be efﬁciently shared

to reduce the total capacity installation cost.

Other than those shown in the figure,
¢ 200 BU flow on 2-1 is restored over 2-3-4-1
¢ 100 BU flow of 3-2-1 is restored over 3-4-1

S (2[C SPATE CAPACitY) mm—p
— <(total) commodity flow> —=>

(total) restoration flow =3

el [/ VR

Figure 3-3. Restoration flow upon a failure of link 1

The ETE-JOA scheme is employed in this example. All numbers in
- the figure are given in terms of BU (bandwidth unit).
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It is worthwhile to note that the minimum working capacity cost’ is attained by the flow
assignment due to the OCA since the shortest route flow is used. The JOA requires at least equal
and typically more working capacity cost. By sharing the spare capacity more efficiently, how-
ever, the JOA could attain reduction on the total capacity cost®. For example, compare the
results of the LINE-JOA and the LINE-OCA. The <1,5> demand is routed over 1-2-5 with the
JOA rather than its shortest path 1-4-5 (Table 3-2). Although this results in 50 CU? more work-
ing arc cost, the spare cost of arc 1-4 is reduced by 100 CU, leading to a cost reduction of 50 CU
(Table 3-3). Due to the relatively large demand for <2,4>, more redundant bandwidth is installed
over 2-1-4 than 4-1-2. Thus, it is beneficial to adjust a flow over links 1 and 2 so that more spare
capacity would be required over 2-1-4 than 4-1-2 upon a failure of the links. Thus, the JOA

assigns the <1,5> commodity over 1-2-5 instead of 1-4-5.

3.4.2. Effect of network topology

Further experiments have been carried out to analyze the effectiveness of the end-to-end restora-
tion and joint optimization in a wide variety of network environments. Eight sample networks with
diverse topological characteristics have been explored in the experiment. Four of them are real net-
works which had appeared in the literatures [24] [35] [80] [83] (Figure 3-4). The other four are
artificial networks (Figure 3-5). In the experimeﬁts, two commodities are assumed to be defined
between any node pair, one for each direction. The following projlected traffic demand patterns
have been employed: A uniform (UF) demand pattern with 1,000 BU between any node pair, and a
weighted (WT) demand pattern with 1,000 BU between any adjacent nodes and 500 BU for the
others!%, Furthermore, random (RD) demand patterns, where the demand of each commodity is
uniformly distributed between 250 BU and 1,750 BU are considered. The JOA and OCA are

investigated for each restoration scheme.

The result is expressed in terms of a normalized spare capacity cost (NC), which is defined as

follows: Let D* be the minimum link cost required to support the traffic demand. Obviously, the

7. The working capacity cost is defined to be the cost of the capacity required to satisfy the traffic demand. This cost is
determined by a commodity flow assignment.

8. The total capacity cost for a fully restorable network is given as the sum of the working capacity cost and the cost of
the spare capacity.

9. CU (cost unit) is an arbitrary unit of arc capacity installation cost. In this example, an arc installation cost per one BU
is given in terms of CU (refer to Table 3-3).

10. A weighted demand pattern comes from the assumption that more traffic would be generated between adjacent
nodes than others.
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(a) NJ-LATA network , (11,44)
DA=2.57, DE=2.93 (b) LATA network

2 DA=2.25, DE=2.96

(15,56)

(c) ARPA network

19 DA=1.73
DE=2.41

(26,%2)

(d) US-WAN network

DA=1.87
DE=2.60

(28,90)

Figure 3-4. Sample networks 1. Real networks
DA = The average number of disjoint arc restoration paths

DE = The average number of disjoint end-to-end paths
Refer to page 49, for their definitions.
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(e) (12,50) network () (13,40) network
DA=2.72, DE=3.47 DA=1.9, DE=2.65

(g) (16,56) network
DA=2.43, DE=3.1

(h) (24,60) network
DA=1.27, DE=2.24

Figure 3-5. Sample networks 2. Artificial networks
The dotted lines represent the axes of symmetry.

'DA = The average number of disjoint arc restoration paths
DE = The average number of disjoint end-to-end paths
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minimum is attained when all demands are sent over their shortest routes. Let D be the total link
cost obtained using a fully restorable capacity placement scheme 7. Now, define the required spare
capacity cost of T as an additional cost necessary to realize full restorability with the scheme,
which is given by (Dj—D*) . The normalized spare capacity cost (NC) is obtained through the
normalization of the above cost with respect to D*, which is given by 100+ (Dy— D*) /D* %.
Note that the additional cost is not necessarily equal to the cost of the actual spare bandwidth
because a flow assignment may be different from a shortest route flow in case of joint-optimiza-

tion. Figure 3-6 summarizes the required spare capacity cost for each optimization scheme.

First of all, the demand pattern does not have a significant influence on the effectiveness of each
optimization scheme (Figure 3-6-a~d). As expected, the JOA requires less spare capacity than the
OCA, and the end-to-end restoration outperforms the line restoration in terms of spare capacity
cost. The improvement ratio appears to be almost consistent among different demand patterns,
although the required spare capacity cost differs accordingly. On the other hand, network topology
turns out to have a significant impact on the required spare capacity cost. In particular, the degree
of improvement due to end-to-end restoration over line restoration depends considerably on the
network model (Figure 3-6-¢), while the benefit due to joint optimization (JOA over OCA) turns

out to be less sensitive to the network topology (Figure 3-6-a).

Then what kind of network topology obtains a more economical benefit by using an end-to-end
restoration scheme? Before answering this question, we first consider the three major advantages
of the end-to-end restoration scheme discussed in Section 3.4.1 and examinebtheir effect on the
total redundant capacity cost. This analysis is used for further discussion about the effect of net-
work topology later. The eight sample networks with the UF and WT traffic demands are

employed in the experiments.

First of all, we investigate the effect of geographical distribution of alternate routes on the
required spare capacity cost. As discussed in the previous section, the ETE scheme is expected to
share more spare capacity among different failure scenarios since the restoration paths could be
widely distributed (Cause 2). Thus, the scheme could reduce the spare capacity installation. In the
experiment, the degree of sharing in spare capacity (DSSC) is measured by the average spare

capacity usage per failure, W, which is given by:
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(e) UF demand

Figure 3-6. Required spare capacity cost for each scheme

Required spare capacity cost is given in terms of a normalized spare capacity cost (NC). The
figures (a) and (e) show the same result, but the orders of the optimization schemes in the x-axis are
different. The former is intended to emphasize the difference by the JOA and OCA schemes, while

the latter attempts to contrast the ETE and LINE schemes.
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w=Y W/l

le E
1
W=, da-(max{(za—ra),O})/ Y d, e,
ac A a€ A

where A, = A\ {a:ae l}.Note that ri is zero with line restoration. W, gives a fraction of the
total spare capacity (weighted by arc cost) which is actually consumed upon a failure of link /. Wis

the average of W, over all failure scenarios.

Figure 3-7 depicts the relationship between W and the normalized spare capacity cost for the
ETE and LINE schemes. The line in the figure is the least-square line over all sample points. The
result indicates that the required spare capacity cost is largely determined by the attainable DSSC
for end-to-end restoration. Such a relationship also holds for the line restoration, but it has a few
remarkable exceptions. The (24,60) network requires considerably more spare bandwidth com-

pared to their attainable DSSC, while the NJ -LATA network needs relatively less spare bandwidth.

Backhauling and looping are identified as other factors that cause the inefficient use of spare
bandwidth in the line restoration scheme (Cause 1 in the previous section). We next investigate the
effect of backhauling and looping on the required spare bandwidth for the line restoration-based
networks. The effect is measured by the average wasted sparé bandwidth cost per failure due to

backhauling and looping, BL. It is defined by:

BL= zBLl/IEI
le E
I l
BLIE( Z da'bla)/( Z da'za)
ac A ac A

where blfl is the wasted bandwidth of arc a due to backhauling or looping upon line restoration
from a failure of link I!!. BL, is a fraction of the wasted spare bandwidth (weighted by arc cost)
over the bandwidth actually used for the restoration of link [. BL is the average over all single-link

failures.

11. The amount of wasted bandwidth depends on how the virtual paths are restored over the restoration paths. In the
example of Figure 3-2-(a), a virtual path 5-4-1 results in backhauling if it is restored over 5-4-5-3-2-1, while the path
does not suffer from backhauling if it is rerouted over 5-4-2-1. The output of the SCFA-MF-LINE problem, however,
does not specify which virtual paths are rerouted over which restoration paths. In the calculation of bl_, it is assumed
that the bandwidth of the affected traffic is uniformly distributed over the restoration paths.
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Figure 3-7. The effect of attainable DSSC on required spare capacity cost

Two demand patterns, UF and WT, are utilized for each sample network. The spare capacity cost is
expressed in terms of a normalized spare capacity cost (NC). The line in the figures is the least-square
line over all samples. The closer all sample points are to the line, the closer the relationship observed
between required spare capacity cost and attainable DSSC.
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Figure 3-8 illustrates the effect of backhauling and looping on the required spare capacity cost.
The line in the figure is the least-square line over all sample points. The result shows that the
degree of backhéuling and looping somewhat varies by network topology, and it has a very loose
relationship to the required spare capacity cost. The wasted bandwidth [BL] is nominal in the NJ-
LATA network, which accounts for the lower spare capacity requirement compared to its attain-
able DSSC in Figure 3-7-(c,d). On the other hand, the (24,60) network ends up with the most

waste, requiring a relatively higher spare capacity installation as in Figure 3-7-(c,d).

The end-to-end restoration scheme can further reduce the spare capacity cost by reclaiming the
bandwidth of affected VP’s for restoration purpose (Cause 3 in the previous section). The average
reclaimed spare bandwidth cost per failure, RC, is explored to clarify its dependency on the

required spare capacity cost. RC is given by:

RC= Y RC/|E|

le E
guo - P gno [ A o (114
< O (1556) < O  (1556)
% 100 | A (2682 % 100 A (2682
: 3 . : o
z 90 [ +  (1340) g %0 F e + (1340
v (1656) v (1656)
§ 8o F AL K *  (2460) § sot * (2460
it o pr 3
[ (4]
8 701 g 70
o [« N
] ("]
§ 60 & g 60 g
S S
g sof ++ g sof
g o g w
0 V&7 40r |3,EI
£ 2] F
30T 0r N
20 1 L ] L 1 A 1 ] 20 1 L L L 1 i L J
0 5 10 15 20 25 30 35 4« 0 5 10 15 20 25 30 35 4
Bl BL
(a) MF-LINE / JOA (b) MF-LINE/ OCA

Figure 3-8. The effect of backhauling and looping on required spare capacity cost

Two demand patterns, UF and WT, are employed for each sample network. The spare capacity cost is
expressed in terms of a normalized spare capacity cost (NC). The line in the figures is the least-square line
over all samples. »
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RC;= Y d, vt/ Y d, 2,

a€ A ac A

where r’i is the total amount of reclaimed bandwidth of arc a upon a failure of link /. The band-

!

width released and reclaimed by the same affected VP is excluded in this calculation!?. Thus, r'a

is not equal to ri . RC; is the percentage of the reclaimed bandwidth (weighted by arc cost) over
the total bandwidth spent for the restoration from a failure of link /, and RC is its average over all

failure scenarios.

Figure 3-9 shows the result of this experiment. The required spare capacity cost is plotted
against RC. The result indicates that the effect of bandwidth reclaiming does not appear to have
any explicit relationship to the required spare capacity cost. This suggests that it is not a ruling fac-

tor for the effectiveness of the end-to-end restoration scheme.
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Figure 3-9. The effect of bandwidth reclaiming on required spare capacity cost

Two demand patterns, UF and WT, are employed for each sample network. The spare capacity cost is
expressed in terms of a normalized spare capacity cost (NC). The line in the figures is the least-square
line over all samples.

12. For example, suppose that a virtual path 5-4-1 in Figure 3-1 is rerouted over a restoration path 5-4-2-1 upon a failure
of link 2. Upon restoration, the bandwidth over arc 5-4 is released and reclaimed by this virtual path. Since this type of
bandwidth reclaiming by the ETE scheme does not give any advantage over the LINE scheme, the amount of the band-

width reclaimed in this manner is excluded from the calculation of P
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In summary, the degree of sharing in spare capacity (DSSC) turns out to be a major determining
factor of spare capacity cost, while the backhauling and looping effect also contributes to its deter-

mination for networks based on the line restoration scheme.

Next, we examine how network topology influences these factors and determines the required
spare capacity cost. A network can be characterized by the two topological aspects: connectivity
and connection regularity. We find that these two measures can reflect the effect of the two key
factors in determining the fedundant capacity cost: the DSSC and the backhauling. Connectivity
expresses how well nodes are connected in a network. It is expected that a well-connected network
requires less spare capacity than a sparse network, since the former would have more candidate
restoration paths than the latter. In the following discussion, the average number of disjoint arc res-
toration paths, DA, is employed as the measure of the connectivity for the networks based on the
line restoration scheme!>. It is defined by:

DA = ) DA/IAl

 a€eA
where DA, is the number of disjoint (i.e. mutually exclusive) restoration paths for arc a. The more
disjoint restoration paths, the higher the DSSC that can be attained, since the effect of failure can
be distributed over more restoration paths. As for the network based on the end-to-end restoration
scheme, the average number of disjoint end-to-end paths, DE, is employed as the measure of the
connectivity. It is defined by:

DE = ) DE/|N|

nell
where DE_ is the number of disjoint paths between the source and destination nodes of commod-

ity 7.

Connection regularity is another important topological measure. The measure should express

L
how evenly the links are connected over a network and how symmetrically the connection is
arranged in a network. If a connection is well-balanced, it is expected that the affected VP’s can be

distributed over the network more evenly, which could promote attainable DSSC among different

13. An average node degree can also be used for the connectivity measure. A degree of node v is defined to be the num-
ber of links incident with v. An average node degree is its average over all nodes in a network. However, we find that DA
is a more suitable metric for the network connectivity than the average node degree because the former represents a glo-
bal connectivity between the end-nodes of a failed link, while the latter only captures a local view at a node.
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failure scenarios. A major obstacle here is that the measure is very hard to quantify. In the follow-
ing discussion, we classify eight sample networks into two categories: balanced networks and
unbalanced networks. A good measure for the connection regularity needs to be considered further
in future works. The eight sample networks can be categorized as follows:
1. Balanced networks: (12,50), (16,56), (13,40) and (24,60) networks in decreasing order of
network connectivity. '
2. Unbalanced networks: NJ-LATA, LATA, US-WAN, and ARPA networks in decreasing order

of network connectivity.

First consider the case of end-to-end restoration. Figure 3-10-a,b depicts the relationship
between connectivity (DE) and the required spare capacity cost. The solid line in the figure is the
least-square line over all sample points, while the dashed line is the least-square line over all sam-
ples of the balanced networks, and the dotted line is that over all samples of the unbalanced net-
works. The figure shows that all balanced sample networks can require less spare capacity than
any unbalanced model networks!?. For example, the (24,60) network requires less spare band-
width than the LATA network, although the former has a lower level of network connectivity than
the latter. This indicates that connection regularity is a major factor in determining the required

spare capacity.

Among the balanced networks, well-connected networks can generally require less spare capac-
ity cost. Since a network with a higher connectivity has more disjoint restoration paths, it can dis-
tribute the effect of a failure to a wider area, resulting in a higher DSSC. The only exception is the
(13,40) network, which requires a slightly higher amount of redundant capacity than the (24,60)
network in spite of its higher connectivity. This is because the (13,40) network is less symmetrical
than the (24,60) network!>. This suggests that regularity has a significantly larger impact on the
required capacity. The same argument on the effect of connectivity can apply for the unbalanced
networks, but it holds only weakly. A possible cause is the difference in the regularity level among
those networks. In summary, connection regularity turns out to be an important factor in deciding
the redundant capacity cost of fully restorable networks with end-to-end restoration, while connec-

tivity plays a minor role in the determination of cost.

14. As shown in Figure 3-7-(a,b), all balanced networks can attain a higher DSSC than any unbalanced network.

15. The (13,40) network is symmetric along only one axis, while the (24,60) network is symmetric along two axis (see
the dotted lines representing the axes of symmetry in Figure 3-5).
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Figure 3-10. Topological effect 1. Effect of Connectivity

Two demand patterns, UF and WT, are employed for each sample network. The spare capacity
cost is expressed in terms of a normalized spare capacity cost (NC). The solid line in the figures is
the least-square line over all samples, while the dashed line is the least-square line over all samples
for the balanced networks, and the dotted line is that over all samples for the unbalanced networks.
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Next, consider the case of line restoration (Figure 3-10-c,d). The figure shows that balanced net-
works require less spare capacity than unbalanced networks if they have a similar level of connec-
tivity. For example, although the connectivity level (DA) is almost the same for the (13,40) and
US-WAN networks, the former requires less spare bandwidth due to its connection regularity.
Unlike the end-to-end restoration, however, connection regularity is not a single key factor but
connectivity also plays an important role in determining the necessary spare capacity cost. For
example, the (24,60) network requires a considerable amount of spare bandwidth due to its sparse-
ness even though it is well-balanced. Since rerouting is executed between the two end-nodes of an
affected link, all restoration flow must be sent over the unaffected arcs adjacent to the nodes. How-
ever, the number of such arcs is very small for a sparse network. Consequently, a larger amount of
spare capacity must be installed over the arcs. Furthermore, backhauling happens with a higher
possibility for a network with a low connectivity. A VP relayed at a node adjacent to a failed link is
more likely to be rerouted back to the same link it traversed. This assertion is verified in Figure 3-
11. In summary, both connection regularity and connectivity are the key factors in determining the

necessary spare bandwidth for fully restorable networks based on line restoration.

10F 8 81'46; 10F 3 (11,46)
5,56 (15.56)
A (26,82) A (26,82) A
x (28,90) X (28,90
o (1250 o (1250
5F + (1340 8 5 +  (13,40) 8
v (1656) v  (1856)
* (24,60 * (24,60
o L L [] 1 1 ) 0 1 L L L [ J
0.0 0.5 1.0 1.5 2.0 25 3.( - 0.0 0.5 1.0 15 2.0 25 3.(
OA DA
(a) MF-LINE / JOA (b) MF-LINE / OCA

Figure 3-11. Topological effect 2. Backhauling and connectivity

The figure shows the relationship between the backhauling and looping effect (BL) and connectivity
(DA). Two demand patterns, UF and WT, are employed for each sample network. The line in the figures is
the least-square line over all samples.

-52-




Now we address the following question posed before: What kind of network topology gets more
economical benefit from the end-to-end restoration scheme? The cost savings obtained by end-to-
end restoration over line restoration are summarized in Table 3-3. The savings rate ranges widely
from 3 to 55 percent, suggesting that network topology is a crucial factor for economical gain from
end-to-end restoration. In general, large cost savings are expected for balanced sparse networks, as
in the (24,60) network. This is because regularity gets a significant advantage from end-to-end res-
toration, and sparsity places a considerable penalty on line restoration. On the other hand, such a
disadvantage posed on line restoration may fade away for well-connected networks. Furthermore,
end-to-end restoration may not be able to reap a large gain for an unbalanced network. Conse-
quently, the cost savings may be small for unbalanced and/or well-connected networks'6. This
accounts for the fact that only nominal savings can be obtained in the NJ-LATA (unbalanced and
Well connected) network, and small savings can be obtained for the ARPA (unbalanced) network.
In such networks, it may not be advisable to employ the end-to-end restoration scheme, consider-

ing its complicated decision making process on the alternate routes.

Finally, the cost savings with joint optimization are summarized in Table 3-4. Figure 3-12 com-

Table 3-3. Cost savings of ETE-JOA over LINE-JOA?

Unbalanced Networks Balanced Networks
.Ne twork model Well-connected <-------- > Sparse Well-connected <-------- > Sparse
NJ- LATA US- ARPA | (12,50) | (16,56) | (13,40) | (24,60)
LATA WAN _ ’
Cost (ETE)® 52.86 | 4393 | 51.86 | 78.69 | 25.31 | 30.76 | 39.86 | 37.80
Cost (LINE) 5445 | 51.60 | 67.65 | 83.71 | 35.52 | 39.07 | 50.44 | 83.07
Savings rate® 2.93 14.87 | 23.35 6.00 | 28.74 | 21.27 | 2098 | 54.50
Cost savingsd 1.59 7.67 15.79 5.02 10.21 8.31 10.58 | 45.27
a. UF demand pattern is used in the experiment.

b. (NC)
c. {LINE-ETE} / {LINE} (percent)
d. {LINE-ETE} (NC)

16. This is the contrapositive of the previous assertion that “large cost savings can be attained for balanced and sparse
networks”. The contrapositive of the proposition ‘p — ¢’ is given by ‘~g — —p’. The contrapositive is true if the orig-
inal proposition is true. Now, the contrapositive of the above assertion can be stated as “if there is a network with nomi-
nal cost savings, then it happens for unbalanced and/or well-connected networks”. The results of the NJ-LATA sample
network suggest the existence of such a network.
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pares the normalized spare capacity cost of the JOA and OCA schemes. As discussed before, the
comparative study with the OCA scheme elucidates the advantage of the joint optimization. The
result indicates that on average over 10 percent of the cost can be saved by the JOA over the OCA.
The cost savings ratio ranges from 6 to 22 percent. A less drastic dependency on network topology

is observed compared with the savings of the ETE over the LINE.

3.5. Summary

Two main results in this section are the development of joint optimization methods for the SCFA
problem and a comparative analysis of the restoration schemes with respect to required spare
capacity cost. Previously, no work has been reported on a joint optimization approach for self-
healing networks. Since the optimization is conducted jointly over capacity assignment, commod-
ity flow assignment and restoration flow assignment, however, the complexity of the problem
grows tremendously. In order to make the problem computationally tractable, several mechanisms
are developed. LU factorization of the basis matrix is facilitated by exploiting its special structure
with the low density of non-zero elements. A direct LU update technique is proposed to further
economize the computation. A row generation and deletion mechanism is equipped to cope with
the explosive number of constraints in the SCFA-MF-ETE problem. The economical benefit of the
end-to-end restoration scheme is thoroughly examined with respect to the globally optimal capac-

ity installation cost. The degree of sharing in spare capacity (DSSC) appears to be a key determin-

Table 3-4. Cost savings of JOA over OCA

NJ- USs-
Network Model || LATA | LATA | ARPA | WAN |(12,50) | (13,40)| (16,56) | (24,60)| | Average

Cost (JOA)? || 52.86 | 43.93 | 78.69 | 51.86 | 25.31 | 39.86 | 30.76 | 37.80
Cost (OCA) || 56.46 | 52.39 | 84.18 | 56.49 | 28.66 | 43.26 | 34.00 | 44.60
Savings rate® || 6.39 | 16.16 | 6.53 | 8.19 | 11.69 | 7.87 | 9.54 | 1525 10.20
Cost (JOA) || 54.45 | 51.60 | 83.71 | 67.65 | 35.52 | 50.44 | 39.07 | 83.07
Cost (OCA) || 58.96 | 63.44 | 107.4 | 75.30 ] 39.28 | 60.65 | 48.17 | 87.37
Savings rate | 7.65 | 18.66 | 22.04 | 10.15 | 9.57 | 16.85 | 18.89 | 4.92 || 13.59

a. Required spare capacity cost in terms of NC (Normalized cost)

Cost is normalized by the minimum average link capacity satisfying the demand.
b. {OCA-JOA} / {OCA} (percent)

The UF demand pattern is employed in the experiment.

MF-LINE | MF-ETE
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Figure 3-12. Required spare capacity cost: JOA vs. OCA

ing factor of spare capacity cost, while the backhauling and looping effects also contribute to it for

line restoration-based networks. The result suggests that a balanced sparse network can gain a

remarkable benefit from end-to-end restoration. Contrary to a wide belief in the economic advan-

tage of the end-to-end restoration scheme, the analysis has revealed that the attainable gain could

be marginal for a well-connected and/or unbalanced network.
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IV Survivable Virtual Path Routing (SVPR)

The SVPR problem arises when there is a major change in the underlying network environment
such as a traffic demand or a facility network reconfiguration. The VP planner performs dynamic
VP reconfiguration to maximize network survivability in a new environment. Three restoration
mechanisms discussed in Section 2.1.2 are considered: MF-LINE, MF-ETE and KSP-LINE. Due
to substantial differences in their restoration mechanisms, their optimization models and solution
procedures are developed independently. The SVPR problems for MF-LINE or MF-ETE networks
are modeled as a large-scale LP problem as in the SCFA problem, and similar strategies are used to
solve these problems. On the other hand, the SVPR problem for KSP-LINE networks is modeled
as a nonlinear, non-smooth multicommodity flow problem with linear constraints. New algorithms
are developed to find a near-optimal solution. The effectiveness of the proposed dynamic VP rout-
ing scheme is examined through numerical experiments. A comparative analysis of the three resto-
ration schemes clarifies their pros and cons with respect to network restorability. This section

further demonstrates the efficiency of the two-step restoration scheme proposed in Section IL.

4.0. Introduction

The SVPR minimizes an expected amount of lost flow upon restoration from a network failure.
It aims to enhance the survivability of the network in response to a change in the network environ-
ment. Previous works on fast restoration schemes have overlooked the need of dynamic VP recon-
figuration and have attempted to meet a restorability objective through the development of
restoration protocols. They assume that a flow assignment is étatic. However, a static virtual path
routing approach not only degrades the performance of a fast restoration protocol, but it also
requires more spare capacity to achieve the same level of survivability as in a dynamically recon-
figurable network. Therefore, a dynamic VP reconfiguration scheme, combined with an optimal
network design scheme proposed in the previous section, can realize a self-healing ATM network

efficiently and in a cost-effective manner.
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The rest of this section is organized as follows. Section 4.1 gives the formal definition of the
SVPR problem. The succeeding three sections discuss the details of the SVPR problems based on
three different restoration schemes. The problem formulation and solution approach are discussed

in the respective sections. Finally, results from numerical experiments are reported in Section 4.5.

4.1. Formal Problem Definition

Using the same notations! and assumptions introduced in Section 3.1, the SVPR problem can be

formally stated as the foilowing optimization problem:

Given G = (V,A,¢) and Q, v (SVPR)

Minimize An expected lost flow L (f)

over f.r
subject to a) f is a multicommodity flow satisfying Q, (flow conservation law)
b) capacity constraints are satisfied, and (capacity constraints)

c) restoration flow r obeys the fast restoration protocol

(restoration flow constraints)

As in the SCFA problem, three fast restoration schemes lead to three distinct SVPR problems.
They are (1) MF rerouting with line restoration, (2) MF rerouting with end-to-end restoration and
(3) KSP rerouting with line restoration. In the following, the corresponding SVPR problems are

referred to as the SVPR-MF-LINE, SVPR-MF-ETE and SVPR-KSP-LINE problems, respec-

tively.

4.2. SVPR-MF-LINE

4.2.1. Problem formulation

The intricate math is shown in Appendix H in order to preserve the flow of the document.

1. Also refer to Appendix T;
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4.2.2. Solution approach

The intricate math is shown in Appendix I in order to preserve the flow of the document.

4.2.3. Validity of the algorithm

The intricate math is shown in Appendix J in order to preserve the flow of the document.

4.2.4. Implementation issue

As discussed in.Section 2.2.4, the speed of the VP planner module determines a feasible range of
an update interval of VP configuration. The VP planner should output the result as quickly as pos-
sible, say in a period one or two orders of magnitude less than the VP update interval. In order to
clarify the applicability of the proposed algorithm, this section examines the required CPU time
for four sample networks. The experiments are conducted on the DEC Alpha-station 200 4/233.
The uniform traffic (UF) demand and its jointly optimal capacity placement are utilized in the
experiments. The traffic demand projected at the design phase of the capacity assignment is called
a base traffic demand in this project. A relative network load (RNL) is used as a metric of the net-

work load. It is defined to be 100% if the offered traffic load is the same as the base traffic demand.

The CPU time is measured at 100% RNL as well as 102.5% RNL. Physical resource allocation
is designed based on demands of the busy hour traffic projected over some future time frame.
Thus, the demand with 100% or less RNL represents the case when the network is in a normal
operating condition. On the other hand, 102.5% RNL represents the case when there is an occa-

sional surge of traffic demand beyond the projected level.

For the latter case, the base traffic demand is uniformly increased by 2.5 percent. At 100% RNL,
on the other hand, 30 randomly generated traffic demands are utilized?. The end-to-end traffic
requirements of each random input deviate at most 10 percent from those of the base traffic
demand. They are uniformly distributed over this range, while the total amount of traffic demand
is fixed. A sample mean over 30 observations is calculated and reported in Table 4-1. The results at

102.5% RNL are summarized in Table 4-2. The results (the first row of the tables) indicate that the

2. Note that if the demand is identical to the base traffic demand the solution is instantly obtainable since it has been
already calculated at the design phase. Thus, we exclude this case from the experiment.
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solution procedure typically completes within a few seconds to a few minutes. This implies that
the proposed algorithm would be applicable to a network with rapidly changing demand patterns

in most cases.

Further speed-up can be attained using the following observations: First of all, observe that only

a few commodity path and restoration path variables are generéted at the beginning of the solution

. procedure. The master process generates at most one candidate commodity path variable per com-
modity and one restoration path variable per arc. If several commodity and restoration path vari-
ables are required for each commodity and each arc, which is the case at a higher load, then the
solution procedure must iterate between the master process and the sub-process many times before
reaching a final solution. If most of the candidate pafhs are known from the beginning, then unnec-
essary iterations between the two processes can be avoided. Furthermore, since we have more
plausible candidate paths at hand, the objective function value could advance further at each itera-

tion of the sub-process. Thus, we expect to obtain a final solution more quickly.

Candidate pbaths can be collected by accumulating paths which have been employed over time.

The k shortest paths could also be included in the candidate list. The more candidates we have, the

Table 4-1. CPU time for SVPR-MF-LINE 1. 30 random demands at 100% RNL .

Network Model NIJ-LATA (12,50) (24,60) US-WAN
Test Item Speed? Loss® | Speed | Loss | Speed | Loss | Speed | Loss
MF-LINE 1.04s | 0.6109 | 1m 135 0.2454 | 13.5s | 0.1324 | 8m 31s| 0.1248
MF-LINE w/ RP € 0.48s | 0.6109 | 30.9s | 0.2454| 9.71s | 0.1324 | 3m 58s | 0.1248

a. CPU time measured in seconds (s) or minutes (m).
b. An expected lost flow averaged over 30 samples, in terms of a normalized lost flow (NL).
¢. The SVPR-MF-LINE with an RP option. (See next page.) K1=10 and K2=30.

Table 4-2. CPU time for SVPR-MF-LINE 2. UF demand at 102.5% RNL

Network Model NIJ-LATA (12,50) (24,60) US-WAN
Test Item Speed | Loss | Speed | Loss | Speed | Loss | Speed | Loss
MF-LINE 1.22s | 3.075 |2m23s| 3.740 | 10.6s | 2.643 |14m4s| 1.560
MF-LINE w/ RP* 1.17s | 3.075 | 2m7s | 3.740 | 6.45s | 2.643 |5m 11s| 1.560

a. K1=10 and K2=30.
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fewer iterations are required. However, this could prolong the pricing-out procedure, and thus an
excessive generation of the candidates should be avoided. The following approach is applied in
our numerical experiments.

¢ Collect information on the commodity and restoration path variables used in optimal solu-
tions at 100%, 102.5% and 105% RNL. v

* Generate all commodity variables employed in the above solutions from the beginning3.

* For each restoration path, calculate the sum of carried flows in the above solutions. Make an
ordered list of the restoration path variables per each arc. List the paths with a higher resto-
ration flow first.

* Append the k shortest restoration paths at the end of the ordered list if they are not included
yet. List the paths with a shorter length first.

* Generate K1 restoration path variables per arc from the top of the list at the beginning of the
procedure.

* Generate more than K1 but at most K2 restoration path variables per arc if such path vari-
ables carry any flow at an optimum. »

* Restrict the restoration paths only to the generated ones.

We refer to the SVPR-MF-LINE problem with a restriction on restoration paths as the SVPR-MF-
LINE problem with an RP option. Due to the restriction, only the dual feasibility conditions related

to commodity path variables (Equation (H-4)) must be checked at the master process.

The results are shown in the last row of Table 4-1 and Table 4-2. K1 and K2 are set to 10 and 30,
respectively. Restriction on the restoration paths could degrade the attainable survivability mea-
sure. Thus, an optimal expected lost flow achieved by each scheme is also listed in the tables for
comparative purposes. The amount of lost flow is normalized with respect to the average link
capacity. NL (normalized loss) is defined as a unit of a normalized lost flow where 100 NL is equal
to the average link capacity. The result indicates that we could double or even triple the speed of
computation with an RP option. The degradation of attainable survivability is not observed in this
experiment, although a small degradation appears if K1 and K2 are set down at 5 and 15, respec-

tively.

3. Based on our experiments, few commodity paths are used at an optimum. Thus, the number of generated path vari-
ables is not excessive.
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4.3. SVPR-MF-ETE

4.3.1. Problem formulation

The intricate math is shown in Appendix K in order to preserve the flow of the document.

4.3.2. Solution approach

The intricate math is shown in Appendix L in order to preserve the flow of the document.

4.3.3. Validity of the algorithm

The intricate math is shown in Appendix M in order to preserve the flow of the document.

4.3.4. Implementation issues

Due to the increased complexity and size of the problem, the SVPR-MF-ETE problem is
expected to require longer cqmputation time than the SVPR-MF-LINE problem. As before, the
required CPU time is measured for the four sample networks to see the applicability of the solution
procedure. The experiments are conducted with the same conditions as in Section 4.2.4. The

results are summarized in Tables 4-3 and 4-4.

The results (the first row of the tables) indicate that except for a small network it takes 20 to 35
minutes to camplete the process under normal operating conditions. Thus, end-to-end restoration
might not be applicable to a network where a VP reconfiguration procedure must be invoked very
frequently. When the network load goes up, the required CPU time grows considerably, suggesting

that its applicability is largely restricted at this range of the network load.

As in the case of the SVPR-MF-LINE problem, generating and restricting candidate paths could
reduce the computation time. Unlike the previous case, the restoration flow must be obtained for
all combinations of commodities and failure events. This requires a significantly large number of
restoratioﬁ path flow variables. Generating many candidate paths, however, could considerably
prolong the pricing-out operation. To cope with the problem, the following observations are uti-
lized: First of all, since only a fraction of (r, I) constraints becomes active at a time, the candidate

restoration paths can be generated only when the related constraint is active. Secondly, it is possi-
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ble to decrease the number of candidate restoration paths corresponding to each (x, I) constraint. In
the case of line restoration, arc restoration paths are shared among multiple commodities. On the
other hand, (=, I) restoration paths are only prepared for commodity 7, and thus not so many paths
are needed. Finally, a restriction is also placed on the commodity paths in order to further reduce

the computation time.

In the experiments, the candidate paths are collected in the following manner:

* Collect information on the path variables used in the optimal solutions at 100%, 102.5% and
105% RNL. Also, gather information on the path variables which have been generated dur-
ing the course of the iterations, but stay out of the basis at an optimum.

» For each commodity and restoration path, calculate the sum of carried flow in the above

solutions.

Table 4-3. CPU time for SVPR-MF-ETE 1. 30 random demands at 100% RNL

Network Model NI-LATA (12,50) (24,60) US-WAN
Test Item Speed® | Loss® | Speed | Loss | Speed | Loss | Speed | Loss
MF-ETE 9.65s | 1.206 |20m 28s| 1.811 |21m 46s| 0.5001 |34m 27s| 0.3076
MF-ETE w/ PRP ¢ 8.85s | 1.295 [16m 53s| 1.939 [19m 33s| 0.5053 {32m 18s] 0.3112
MF-LINE 1.04s | 0.6109 | Im 13s | 0.2454 | 13.5s | 0.1324 | 8m 31s | 0.1248

a. CPU time measured in seconds (s) or minutes (m).

b. An expected lost flow averaged over 30 samples, in terms of a normalized lost flow (NL).

c. SVPR-MF-ETE scheme with commodity path and restoration path restriction. P1=1, P2=2, RP1=2
and RP2=6. This choice requires the least CPU time based on our experiments.

Table 4-4. CPU time for SVPR-MF-ETE 2. UF demand at 102.5% RNL

Network Model NJ-LATA (12,50) (24,60) US-WAN

Test Item Speed®| Loss | Speed | Loss | Speed | Loss | Speed | Loss
MF-ETE 413s | 4.812 {53m 15s| 7.898 |2h 36m| 5.973 [14h29m| 4.002
MF-ETE w/ PRP? 16.5s | 4.812 | 22m3s | 7.898 {27m2s]| 5.973 | th41m | 4.002
MF-LINE 1.22s | 3.075 | 2m23s | 3.740 | 10.6s | 2.643 | 14m4s | 1.560
MF-LINE w/ RP¢ 117s | 3075 | 2m7s | 3.740 | 6.45s | 2.643 | 5Sm 11s | 1.560

a. CPU time measured in seconds (s), minutes (m) or hour (h).
b. P1=1, P2=2, RP1=2 and RP2=6.
c. K1=10 and K2=30.
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« Make an ordered list of the commodity path variables per each commodity. List the paths
with a higher traffic flow first. Similarly, make an ordered list of the restoration path vari-
ables per each combination of 7 and /.

« Generate top P1 commodity path variables per commodity from the list. Generate more than
P1 but at most P2 variables if such paths have carried some traffic in the optimal solutions.

e When a (m, ) constraint becomes active, generate top RP1 (%, [) restoration path variables
from the ordered list. Generate more than RP1 but at most RP2 variables if such paths have

carried some restoration traffic in the optimal solutions.

The results are reported in the second rows of Tables 4-3 and 4-4. The above mechanism
improves the speed of the solution procedure at 102.5% RNL. However, the required time may not
be small enough for a network with rapidly changing demand patterns. Although such a high load
would seldom be encountered in a normal situation, it could happen after a network failure. On
such an occasion, it would be desirable to perform network-wide restoration at an earlier time. One
possible approach is to perform reconfiguration gradually. Since a primal simplex method is
employed in the solution procedure, any intermediate solution is feasible. Therefore, a currently
available solution could be gradually applied over the course of calculation of the optimal solu-

tion.

At 100% RNL, the survivability measure experiences small degradation. Since only a small
number of commodity and restoration paths are generated per each commodity and each arc, they
could deviate from the paths actually required for the randomly generated demands. Furthermore,
no drastic CPU time improvement has been observed at 100% RNL. One possible reason is that
the number of constraints is too large to reap the benefit of candidate path generation. It has been
empirically observed that the number of simplex iterations grows considerably with the number of
constraints and only very slowly with the number of variables [17]. Thus, the benefit of the vari-
able restriction could be cancelled by the explosive number of constraints. Based on the experi-
ment, an almost identical number of pivoting operations is required. As a result, tens of minutes of
computational time are still required for most networks. This implies that the applicability of end-

to-end restoration is somewhat restricted compared to line restoration.

4.4. SVPR-KSP-LINE

The SVPR-KSP-LINE problem addresses the virtual path routing problem assuming the KSP-
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based line restoration as a self-healing protocol. In general, the protocol works as follows: When a
link failure happens, the protocol first searches for restoration paths through message-flooding.
Every time such a path becomes available, a part of the affected virtual paths are restored using the
maximum bandwidth found over the path; that is, the self-healing algorithm first recovers a part of
the affected virtual paths by using the entire spare bandwidth available on the shortest restoration
route. A subset of the remaining affected virtual paths are restored over the second-shortest route,
and further remainders attempt to use the third-shortest route. This procedure is repeated until
enough bandwiuth is found to restore all affected VP’s or until all possible restoration routes are
exhausted. Due to the substantial difference in the restoration process, the problem formulation
significantly differs in terms of the restoration flow constraints. The problem turns out to be non-
convex, which makes it difficult to find a globally optimal solution. Two heuristic procedures are

developed based on two different problem formulations.

4.4.1. Problem formulation

The intricate math is shown in Appendix N in order to preserve the flow of the document.

4.4.2. Solution approach 1. Modified flow deviation (MFD) method

The intricate math is shown in Appendix O in order to preserve the flow of the document.

4.4.3. Solution approach 2. Lagrangian relaxation method

The intricate math is shown in Appendix P in order to preserve the flow of the document.

4.4.4. Comparison of two heuristics for the SVPR-KSP-LINE problem

This section evaluates the performance of the two heuristics for the SVPR-KSP-LINE problem
proposed in the preceding two sections, the MFD method and the LAG method. Comparative anal-
ysis of their attainable expected lost flow is performed based on four sample networks. The uni-
form traffic (UF) demand and its jointly optimal capacity assignment are utilized in the
experiments. The base traffic demand from 100% to 120% RNL is examined. Figure 4-1 depicts

the result of the experiments.

The result shows that the LAG method gives a better solution for all the cases we tested. As
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Figure 4-1. Solution to the SVPR-KSP-LINE problem with two heuristics

In addition to the solutions based on the two heuristics, the lower bound based on the
constraint relaxation technique is plotted along the dotted line. The relaxed problem
corresponds to the SVPR-MF-LINE problem with an RP option. The minimum value of this
relaxed problem produces the absolute lower bound of the solution to the SVPR-KSP-LINE

problem.
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expected, the LAG method can save more flow as the load grows, up to 2.2 NL at 120% RNL.
However, the difference is nominal when the load is light, typically less than 0.5 NL at 102.5%
and 105% RNL.

Figure 4-1 also plots the lower bound of the optimal solution along a dotted line. This lower
bound is calculated with a constraint relaxation technique (see Appendix S.1), where the KSP con-
straints (N-10) are completely removed from the problem (SVPR-KSP-LINE?2). Then, the result-
ing minimization problem becomes the SVPR-MF-LINE problem with an RP option. Unlike the
Lagrangian subproblem (SVPR-KSP-LINE-LAG), a global minimum is obtainable to this relax-
ation problem4. From the property (S-3) in Appendix S.1, this minimum value is guaranteed to be
a lower bound of the SVPR-KSP-LINE problem. However, the bound could be loose since the
KSP constraints are not imposed at all. Table 4-5 compares the lower bound and the solution

(upper bound) based on the LAG method.

The upper bound is very close to the lower bound for the NJ-LATA Iand (24,60) networks. The
difference is typically less than 0.5 NL, and the gap is mostly less than 5 percent. This indicates
that not only is the solution near-optimal, but also the KSP and MF schemes do not make a signif-
icant difference in terms of their attainable survivability measure. On the other hand, a wider gap
between the upper and lower bounds is observed for the US-WAN network. The gap becomes con-
siderably wider for the (12,50) network; It grows as much as 7.8 NL. This could be due to a large
difference between the attainable survivability measures of the KSP and MF schemes; The MF
scheme might be able to restore considerably more flow for a large and/or well-connected net-
work. The scheme could distribute a restoration flow more wisely since more candidate restoration

paths are available in such networks.

In order to verify this hypothesis, we have performed an intensive random search based on the
SVPR-KSP-LINE-LAG-global procedure where the KSP constraints are also taken into account.
Figure 4-2 shows local minima obtained throughout the SVPR-KSP-LINE-LAG-global procedure.
One thousand random samples are checked at 105% RNL for the (12,50) network. As discussed in

Appendix S, a Lagrangian multiplier largely determines how close the obtained lower bound is to

an optimum. The Lagrangian relaxation technique iteratively refines a Lagrangian multiplier to

find a tighter lower bound. In the experiment, two distinct Lagrangian multipliers are employed

4. This is because the SVPR-MF-LINE problem with an RP option is a linear programming problem.
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which have been encountered at a later stage of the LAG method. The result (b) uses the multiplier

at the final iteration of the LAG method, and thus a tighter lower bound is expected.

The results suggest the validity of the above hypothesis: The lower bound estimate resides just
below the upper bound. The gap is only 0.24 NL or 5.7 percent. On the other hand, the estimate
lies 3.24 NL above the absolute lower bound, yielding a more than 13 times wider gap. The same
experiment is also conducted at 112.5% RNL, and the result further confirms the hypothesis (Fig-
ure 4-3).

Finally, the computation time for the LAG method is significantly longer than that of the MFD

method. The LAG method requires as much as tens of minutes to an hour, making it impractical to

apply the method to a network with rapidly changing demand patterns. The MFD method, on the

Table 4-5. Upper and lower bounds for the SVPR-KSP-LINE problem

Network | Load UBD? LBDY Difference® | Toleranced
Model (RNL) (NL) (NL) (NL) (%)
102.5 1.890 1.812 0.079 4.35
' 105.0 4.986 4.434 0.551 12.4
NJ-LATA
110.0 12.256 11.783 0473 4.01
120.0 30.120 29.742 0.378 1.27
102.5 0.364 0.030 0.334 1118
105.0 4528 1.046 3.482 333
(12,50)
110.0 16.707 8.916 7.790 87.4
120.0 48.182 43.562 4,620 10.6
102.5 0.2555 0.2554 0.0001 0.04
105.0 0.796 0.796 0.0000 0.00
(24,60)
110.0 3.495 3.430 0.065 1.90
120.0 13.086 12.313 0.774 0.88
102.5 0.537 0.537 0.0000 0.00
. 2.085 1.384 0.701 50.6
US-WAN 105.0
110.0 6.685 4,805 1.880 39.1
120.0 16.748 15.395 1.353 8.79

a. Upper bound. Solution obtained by the LAG method.

b. Lower bound. Optimal solution based on the KSP constraint relaxation.
c. (Upper bound) - (Lower bound)

d. [(Upper bound) - (Lower bound)] / (Lower bound)
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Figure 4-2. Lower bound estimate for the SVPR-KSP-LINE problem (105% RNL)

The result is for the (12,50) sample network at 105% RNL. The above two results correspond to the
two distinct sets of Lagrangian multipliers. Result (b) uses the one encountered at the final stage of
the LAG method, yielding a tighter lower bound estimate. The gap between the upper bound and the

lower bound estimate is only 0.24 NL or 5.7 percent, while the difference between the estimate and
the absolute lower bound is 3.24 NL.
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Figure 4-3. Lower bound estimate for the SVPR-KSP-LINE problem (112.5% RNL)

The result is for the (12,50) sample network at 112.5% RNL. The above two results correspond to the
two distinct sets of Lagrangian multipliers. Result (b) uses the one encountered at the final stage of the
LAG method, yielding a tighter lower bound estimate. The gap between the upper bound and the lower
bound estimate is only 0.48 NL or 2.0 percent, while the difference between the estimate and the
absolute lower bound is 7.0 NL.
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other hand, is very quick. Although the MFD method ends up with a higher lost flow, it can usually

produce a comparable (near-optimal) solution as long as the load stays around the projected level.

4.5. Evaluations

This section investigates the performance of the proposed survivable VP reconfiguration
schemes. First of all, the attainable survivability measure is examined to see how well the pro-
posed optimization procedures work in response to varying traffic demands and at various offered
network loads. The effectiveness of dynamic VP reconfiguration is then demonstrated through
comparative analysis with a static routing scheme as well as an existing dynamic routing scheme.
The three fast restoration schemes are compared in terms of restorability under the same network

environment. Finally, the efficiency of the proposed two-step restoration approach is explored.

The eight sample networks which have been scrutinized upon evaluation of the SCFA schemes
(Figures 3-4 and 3-5) are employed in the experiments of this section. As discussed in Section I,
the physical link capacity assignment is one of the key factors in determining the performance of
survivable virtual path assignment as well as fast restoration protocol. Thus, the evaluation of the
SVPR schemes on an arbitrarily assigned network resource would not produce meaningful results,
although such an approach has often been taken in previous works on self-healing networks. In our
experiment, the link capacity assignment is obtained through the SCFA-JOA procedure for a given
projected traffic demand (base traffic demand). With this design, full service restorability is
ensured against any single link failure when the basic traffic demand is offered to the network. The
performance of the proposed SVPR procedures is examined at various network loads around the
base traffic demand, which would arise in a practical situation. As for the base traffic demand, the
uniform traffic demand (UF demand) is utilized in this section unless specified otherwise. The fol-
lowing optimization parameter values are used for the MFD procedure: 8=0.'01% and £=10%.

The step size, h, is adjusted over the iterations between 10™*% and 0.5% of the average link capac-

ity.
4.5.1. Attainable survivability

This subsection investigates the attainable survivability measure (an expected lost flow) to see
how well the proposed SVPR procedures work in various offered loads. In the experiment, the

base traffic demands are uniformly increased from 90 to 110 percent of the original base traffic
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requirement to examine the performance when the load is light as well as when the traffic demand
grows. In the following discussion, this uniformly increased demand is called a base demand of
the load. A relative network load (RNL)5 is used as a metric of the network load. The demand of
100% or less RNL represents the case when the network is in a normal operating condition, as dis-
cussed ‘before. On the other hand, a load slightly more than 100% RNL demonstrates the case
when the traffic demand grows beyond the projected level over months or years, or the case when
an unexpected surge of traffic demand arises somewhere in the network. A further heavy load rep-
resents the case when the network contains some ill conditions such as multiple network failures

or an unexpected overshooting of demand across the network.

In order to capture the effect of a varying traffic demand, 30 demand patterns are examined at
each load: the base demand of the load and 29 additional random traffic demands®. The results
reported in this subsection are a sample mean over 30 observations. Note that even if the load is
100% or less RNL, the optimal expected lost flow is not necessarily zero unless the demand pat-

tern is identical to that of a base traffic demand.

Figure 4-4 shows the attainable survivability measure for each restoration scheme. The MFD
(modified flow deviation) method is utilized for the SVPR-KSP-LINE problem. The result indi-
cates that a lost flow increases very quickly as the offered network load grows beyond the pro-
jected demand level. On fhe other hand, a loss is nominal and typically far below 1 NL with 100%
or less RNL, which will be the situation encountered most often in practice. This small loss is due
to demand ﬂﬁctuation. Table 4-6 clarifies the relation between the expected lost flow and the max-
imum demand fluctuation. Survivability suffers as the demand fluctuates more from the base traf-
fic load, but the degradation is rather insignificant compared with that caused by a demand

increase.

The level of survivability degradation beyond 100% RNL differs according to restoration
schemes. The quickest increase on the expected lost flow is observed for the ME-ETE restoration,
while the KSP-LINE restoration results in the smallest increase rate. Since an MF-ETE-based net-

work can attain the highest degree of sharing in spare capacity (DSSC) at the link capacity design

5. Recall that 2 RNL is defined to be 100% if the offered load is same as that projected at the design phase of the net-
work.

6. As before, the end-to-end traffic requirements of each random input deviate at most 10 percent from those of the base
demand of the load. They are uniformly distributed over this range while the total amount of traffic demand is fixed.
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Figure 4-4. Attainable survivability measure for various offered network load
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phase, it assigns the least redundant capacity over the network. As a result, the degradation
becomes more prominent once the load exceeds the projected level. On the other hand, a KSP-
LINE-based network has the most redundant capacity, and thus it is less sensitive to a demand
increase. A similar argument holds for the degradation due to demand fluctuation. Table 4-6 shows

that an MF—E_TE—based network incurs more data loss at the time of a network failure.

Network models also determine an expected lost flow over 100% RNL. For example, the (12,50)
network shows the steepest growth. The (24,60) network has a relatively lower increase rate if the
MF-LINE restoration scheme is applied, while the increase is rather quick with the MF-ETE resto-
ration scheme. These phenomena can also be explained by the level of redundant capacity
assigned at the design phase: The networks with relatively smaller spare capacity are more vulner-
able to network failure at a higher load. Such a relationship between the amount of spare capacity
and a lost flow is generally observed at 105% RNL, as illustrated in Figure 4-5. The (24,60) net-
work requires considerably less spare capacity if the MF-ETE restoration is adopted. Therefore,
the survivability degradation rates over 100% RNL substantially differ with the two restoration

schemes for the (24,60) network.

When the load grows further, a huge loss of data becomes unavoidable upon link failure. At

Table 4-6. An expected lost flow versus maximum demand fluctuation

Maximum Demand Fluctuation 5% 10% 15% 20%
MF-ETE NIJ-LATA network model 0.60 1.19 1.56 2.04
(12,50) network model 0.83 1.81 2.67 3.60

(24,60) network model 0.26 0.50 0.76 1.02

US-WAN network model 0.17 0.31 0.49 0.62

MF-LINE | NJ-LATA network model 0.24 0.63 0.96 1.51
(12,50) network model 0.06 0.25 0.53 0.93

(24,60) network model 0.05 0.14 0.20 0.28

US-WAN network model 0.05 0.13 0.20 0.28

KSP-LINE | NJ-LATA network model 0.29 0.70 0.92 1.48
(12,50) network model 0.02 0.06 0.14 0.26

(24,60) network model 0.00 0.00 0.01 0.02

US-WAN network model 0.03 0.06 0.10 0.14

Thirty random demands are used in the experiment. A sample mean of 30 observations is reported.
An average expected lost flow is expressed in NL (normalized loss)
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Figure 4-5. A lost flow at 105% RNL versus normalized spare capacity cost

The UF demand pattern is employed as a base traffic load. The normalized lost flow is a sample mean
over 30 samples at 105% RNL: one base demand plus 29 randomly fluctuated demands. End-to-end
traffic requirements of each random demand deviate at most 10 percent around the base demand and are
uniformly distributed over this range.
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110% RNL, the expected lost flow becomes as much as 40 NL. As discussed above, though, this is
not in the normal operating region. The load may increase up to this range, but this must happen
very infrequently, possibly due to an occasional surge of traffic or multiple network failures. How-
ever, a higher level of network survivability cannot be assured if the load stays in this region due to
growing traffic demand. Therefore, the FN manager must be triggered to install additional network
resources before the traffic increases to this level. As mentioned above, a lost flow develops very
quickly for the networks with a higher DSSC. This suggests that the design process for an addi-
tional capacity installation should be planned at an earlier stage of the demand growth in such a

network in order to maintain a desired survivability measure.

4.5.2. Effectiveness of dynamic VP reconfiguration

4.5.2.1. Comparison with a static routing scheme

We propose a dynamic virtual path routing scheme in order to attain better survivability in
response to demand dynamics. Previous works in self-healing networks assume a predetermined
flow assignment. This section manifests the effectiveness of the proposed dynamic VP reconfigu-

ration scheme through comparative analysis with a static routing scheme.

In contrast to a dynamic routing scheme, a static routing scheme utilizes predetermined routes
and bandwidth allocation strategy. Control simplicity is a major advantage on a static routing
scheme, but it comes at the expense of survivability and network utilization. The static routing
scheme employed in this experiment exploits the information on the flow assignment obtained in
the network design. Recall that the joint optimization procedure of the SCFA outputs not only a
capacity allocation but also an optimal virtual path routing and bandwidth assignment for a pro-
jected traffic demand. In the static routing scheme, the traffic demand of each commodity is sent
over the same routes as used in the optimal VP assignment. If multiple routes are employed for a
commodity, its demand is distributed over the routes at the same ratio as obtained in the design
phase. Full restorability is assured in this assignment if a projected traffic demand is offered to the
network. In the following discussion, this static routing scherﬁe is referred to as the SSR (surviv-
able static routing) scheme, while our proposed routing method is called SDR (survivable dynamic

routing) scheme’.

Thirty random demands deviating around the projected traffic demand (100% RNL) are exam-
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ined iﬂ the experiment. Each random input has at most 10 or 20% demand deviation from the base
traffic demand. The average expected lost flow due to the SSR and SDR schemes is reported in
Table 4-7. The table also lists the average survivability gain. It is defined by
(Lgsr—Lgpr) 7 Lssg Where Lggp and Lgp,p are the average expected lost flow attained by the
SSR and SDR schemes, respectively®. The MFD method is assumed for the dynamic routing strat-
egy fdr KSP-LINE-based networks. In some cases, the traffic demand cannot even be accommo-
dated with the static routing scheme due to capacity constraints. Such a flow is counted lost in the

above calculation.

A significant improvement on the survivability measure is attained by dynamic routing. More
than 50 percent survivability gain is observed in most cases. Out of the three types of networks, an
MF-ETE-based network turns out to have a relatively low survivability gain. As discussed in Sec-
tion 4.5.1, a lost flow in such a network could be higher than the other cases even with dynamic
routing due to a smaller amount of spare bandwidth installation. Furthermore, the efficiency of
end-to-end restoration could make restorability less sensitive to flow assignment. As a result, a low

survivability gain follows, although as much as 5 NL lost flow could be saved.

On the other hand, the highest survivability gain can mostly be attained with an MF-LINE-based
network. This phenomena can be explained by completely opposite reasoning. A larger amount of
spare capacity enables recovering more traffic even with demand fluctuation for dynamic routing.
On the other hand, the line restoration scheme is not so efficient as the end-to-end restoration
scheme in terms of restoration capability. Therefore, restorability becomes more sensitive to flow

assignment. As a result, it could save a lost flow as much as 9 NL on average.

Lost flow is not so significant for a KSP-LINE-based network for both routing strategies. Rela-
tively more spare capacity is installed in a KSP-LINE-based network than any other type of net-
works. This is not only because KSP restoration requires more redundant bandwidth for data
recovery, but also because the capacity assignment for such networks has been calculated through
heuristics. The result indicates that this additional capacity gives enough room to reduce a lost

flow even with static routing. With dynamic routing, a lost flow becomes nominal for a KSP-

7. Note that the SSR is based on the output of the survivable network design. Therefore, the scheme is expected to attain
a higher survivability measure than a routing scheme without any consideration of network survivability, such as the
dynamic routing scheme discussed in the next section.

8. The hat sign (*) means a sample mean of the 30 observations.
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Table 4-7. Comparison between SSR and SDR schemes 1. 100 RNL

Network Model NJ-LATA (12,50) (24,60) US-WAN

Maximum deviation 10%.| 20% | 10% | 20% | 10% | 20% | 10% | 20%

Average loss by SSR? (NL) 2.17 | 445 | 350 | 870 | 0.75 | 1.57 | 0.38 | 0.79

E Average loss by SDR (NL) 1.19 | 2.04 | 1.81 | 360 | 050 | 1.02 | 0.31 | 0.62

% Survivability gain (%) 450 | 54.1 | 482 | 58.6 | 33.4 | 349 | 199 | 21.7
Spare capacity (NC)P 52.86 25.31 37.80 51.86

Average loss by SSR (NL) 193 | 430 | 2.81 | 405 | 255 | 2.69 | 9.20 | 9.51

2 Average loss by SDR (NL) 063 | 1.51 | 025 | 093 | 0.14 | 028 | 0.13 | 028

E Survivability gain (%) 673 | 649 | 91.0 | 77.1 | 946 | 89.6 | 98.6 | 97.0
& Spare capacity (NC) 54.45 35.52 83.07 67.65

Average loss by SSR (NL) 144 | 324 | 034 | 0.80 | 0.052 | 0.16 | 0.13 | 0.28

% Average loss by SDR (NL) 0.70 | 1.48 | 0.058 | 0.26 |0.0015|0.023 | 0.062 | 0.14

%' Survivability gain (%) 516 | 545 | 827 | 66.7 | 972 | 853 | 50.5 | 504
M Spare capacity (NC) 62.41 43.99 102.58 90.87

a. The row entries of ‘average loss’ list the expected lost flow averaged over 30 random samples.
b. Spare capacity installed in the network in terms of normalized capacity (NC).

Table 4-8. Comparison between SSR and SDR schemes 2. 105 RNL

Network Model NJ-LATA (12,50) (24,60) US-WAN

Maximum deviation 10% | 20% | 10% | 20% | 10% | 20% | 10% | 20%

Average loss by SSR (NL) 15.79 | 18.77 | 28.78 | 35.59 | 17.37 | 18.23 | 11.49 | 12.42

E Average loss by SDR (NL) 992 | 10.65|17.28 | 18.50 | 12.47 | 12.99 | 8.38 | 8.63

E' Survivability gain (%) 372 | 433 | 399 | 48.0 | 282 | 28.8 | 27.0 | 305
Spare capacity (NC) 52.86 25.31 37.80 51.86

o Average loss by SSR (NL) 11.00 | 12.87 | 13.40 | 15.60 | 7.25 | 7.33 | 16.75 | 17.11

é Average loss by SDR (NL) 700 | 770 | 9.66 | 10.28 | 547 | 546 | 3.57 | 3.64

&, Survivability gain (%) 356 | 40.1 | 27.9 | 341 | 246 | 254 | 78.7 | 78.7
= Spare capacity (NC) 54.45 35.52 83.07 67.65

Average loss by SSR (NL) 920 [1065] 725 | 790 | 291 | 298 | 5.00 | 5.11

% Average loss by SDR (NL) 733 | 829 | 561 | 622 | 091 | 097 | 2.63 | 2.68

5}2 Survivability gain (%) 204 | 222 | 226 | 213 | 68.6 | 673 | 474 | 47.7
M Spare capacity (NC) 62.41 43.99 102.58 90.87
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LINE-based network.

We have further carried out the same experiments at 105% RNL to examine the effectiveness of
the SDR scheme at a higher load. The results are summarized in Table 4-7. As expected, a larger
amount of lost flow can be avoided by the SDR scheme than the case at 100% RNL. Due to a
higher load offered to the network, a dynamic flow adjustment is more effective to reduce an
expected lost flow. However, the average survivability gain decreases because more lost flow is

inevitable even with the SDR scheme.
4.5.2.2. Comparison with an existing dynamic routing scheme

This section explores the effectiveness of the proposed routing scheme through a comparison
with an existing dynamic routing strategy. Recall that no existing routing scheme has aimed at pro-
moting the restorability of a self-healing protocol. The objective of this comparative analysis is to
examine the improvement of attainable restorability by the introduction of the survivable control
at the VP layer. Furthermore, we attempt to clarify how the SDR scheme can enhance the surviv-

ability measure by analyzing the difference in the obtained flow assignments.

Out of possible candidates for a comparison, we have chosen the traditional dynamic routing
strategy in packet switching networks where average network delay is minimized. A flow devia-
tion method can be employed to solve this minimization problem [22]. This scheme is referred to
as the DR (dynamic routing) scheme in the following discussion. A close relation between average
delay and buffer overflow probability suggests that the DR scheme effectively reduces the cell
level QOS parameter (cell loss probability) to a near-optimal level by minimizing the average
delay. In fact, this approximation has been used before in the context of dynamic ATM path recon-
figuration [62]. Furthermore, the DR scheme could avoid more lost flow than other traditional
routing strategies. The scheme tends to balance the traffic load over the network, and thus spare
bandwidth is allocated evenly over the network. Therefore, the results obtained through compara-
tive analysis between the DR and SDR schemes would show performance improvement over one

of the best possible routing schemes proposed so far.

1In the experiments, the base traffic demands are uniformly increased from 90 to 110% RNL.

Thirty random demand patterns are utilized for each load. The random inputs deviate at most by 10
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or 20 percent around the base demand and are uniformly distributed over the range. The KSP-
LINE-based network is examined in this study. The MF-based scheme requires an additional pre-
planning process to find a restoration flow assignment, but such a provision is not provided in any

existing dynamic routing strategy.

Figures 4-6, 4-7 and 4-8 show the results of the experiments on the four sample networks. They
are based on the uniform traffic (UF) demand pattern, but the results over other base demand pat-
terns (WT and RD demand patterns) turn out to exhibit a similar trend for each network model.
This indicates that the results have no significant dependency on the base traffic demand as long as
the link capacity is properly designed according to the projected demand. In Figure 4-6, an
expected lost flow as well as a maximum lost flow per single-link failure, {‘éa,’ézl’ are plotted
against the offered load. Figure 4-7 illustrates the improvement of survivability measure attained
by the SDR scheme over that of the DR scheme. An improvement on an expected lost flow as well
as its maximum and minimum per single-link failure are shown in the figure. Finally, Figure 4-8
depicts the average survivability gain, (L DR™ L sDR)/ L DR > Where L spr and L pr are the aver-
age expected lost flow attained by the SDR and DR schemes, respectively. The results at 100 and
105 RNL are also listed in Table 4-9.

The maximum improvement of a lost flow due to a single link failure amounts to 5 to 45 NL at

100% RNL, while the average is at most 7 NL. The average gain is not significant since with some

links a flow can be restored in either flow assignment scheme from their failure. For example, the

Table 4-9. Comparison between DR and SDR schemes?

Network Model NJ-LATA (12,50) (24,60) US-WAN

Load

Maximum deviation 10% | 20% | 10% | 20% | 10% | 20% | 10% | 20%

Average loss by DR® (NL) 754 | 7.68 | 4.06 | 4.12 | 094 | 1.09 | 427 | 4.21
Average loss by SDR (NL) 0.70 | 1.48 | 0.058 | 0.26 |0.0015] 0.023 | 0.062 | 0.14

Survivability gain (%) 90.7 | 807 | 98.6 | 93.7 | 99.8 | 979 | 985 | 96.7
Average loss by SSR (NL) 144 | 324 | 034 | 0.80 | 0.052 | 0.16 | 0.13 | 0.28
Average loss by DR (NL) 13.85|13.53{11.99 | 11.88 | 2.54 | 2.63 | 7.10 | 6.86
Average loss by SDR (NL) 733 | 829 | 561 | 622 | 091 | 097 | 2.63 | 2.68

Survivability gain (%) 47.1 | 387 | 53.2 | 47.6 | 642 | 63.1 | 63.0 | 60.9
Average loss by SSR (NL) 920 | 1065 7.25 | 790 | 291 | 298 | 500 | 5.11

100 RNL

105 RNL

a. The KSP-LINE restoration scheme is employed.
b. The row entries of ‘average loss’ list the expected lost flow averaged over 30 random samples.
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Figure 4-6. Compa’rison of a lost flow in the SDR and DR schemes

Thirty random demands, which deviate at most 10 percent from the base demand, are employed at
each load
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Figure 4-7. Improvement of survivability measure by SDR over DR

Thirty random demands, which deviate at most 10 percent from the base demand, are employed

at each load
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links 1-5, 1-8 and 5-8 in the NJ-LATA network have many disjoint restoration routes (see Figure
3-4), and it is observed that a lost flow due to a failure of these links is zero in either approach. On
the other hand, significant improvement is observed in a failure of the link adjacent to a node with
degree 2, such as links 5-7 and 7-8 in the NJ-LATA network model. If such a link fails, all active
flow must be rerouted over its adjacent link. Thus, relatively more spare capacity must be allocated
‘over these links in order to achieve a high restorability. The DR scheme fails to assign an extra
spare capacity to such links because it tries to balance the load uniformly over the network. The
SDR scheme, on the other hand, can allocate the traffic in such a way that a flow would not be lost
in such links. In other words, our algorithm can detect the links vulnerable to a failure under the
current traffic demand patterns and avoid allocating excessive flow on these links in order to pro-

mote restorability over the network.

The attainable survivability measure and improvement also differ according to the network
topology. Out of the four sample networks, the (24,60) network produces the least lost flow and
attains the least improvement by the SDR scheme. On the other hand, a relatively large average
lost flow is observed in the (12,50) and NJ-LATA networks. The amount of installed spare capacity
again explains the difference of an average lost ﬁow.: A network with less spare bandwidth results
in a larger expected lost flow at a higher load. However, the maximum improvement per failure is
not so large in the (12,50) network as in the NJ-LATA and US-WAN networks, although the least
spare capacity is installed in the (12,50) network. This is because the (12,50) network does not
include a node with degree 2. As mentioned above, the links adjacent to such a node make the net-
work vulnerable to a more damaging failure. The DR scheme fails to avoid allocating an excessive
flow over the links, and thus a failure of those links significantly contributes to a large improve-

ment by the SDR scheme.

When the load is not heavy, the SDR scheme works very well to prevent data loss. The maxi-
mum lost flow is almost zero with 100% or less RNL, implying that virtually no flow is lost with
any single-link failure at this range of operation. On the other hand, a flow as much as 40 NL can
be lost by the DR scheme. As discussed before, the region with 100% or less RNL is the one

encountered in normal operating conditions, and our approach almost achieves 100% survivability
| gain over this range. Even if the demand occasionally increases slightly beyond the projected
level, the SDR scheme can prevent most of the lost flow. For example, about 80% of the lost flow

can be saved when the demand increases by 2.5%.
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When the load increases further, the survivability gain becomes small, about 50% with the load
at 105% RNL and around 30% at 110% RNL. At this region of the load, the minimum improve-
ment becomes negative. Namely, the flow due to the DR scheme produces a smaller lost flow than
that due to the SDR scheme for some link failures. This is possible since the SDR procedure opti-
mizes the expected lost flow over all possible single link failures. Lost flow is inevitable against
any link failure when the load gets heavy. Thus, it becomes almost impossible to find a flow which
is more restorable than others against any link failure. On average, our approach still gives some
improvement over the DR scheme. As discussed before, 110% RNL is not in the normal operating
region. If the load stays in this region due to growing traffic demand, data loss becomes unavoid-
able with any routing strategy. A failure at the most vulnerable link entails a huge service interrup-
tion. For example, 41 NL may be lost for some link failures in the NJ-LATA network. In other
words, the load is too heavy to prevent large loss with the available network resources. Thus, addi-

tional resources must be installed before the load increases to this level.

4.5.3. Restorability of three VP restoration schemes

This section reports the results of comparative analysis on the restorability of the three fast resto-
ration schemes: MF-LINE, MF-ETE and KSP-LINE. Attainable survivability measures are com-
pared under the same network environment: the same capacity placement and offered load. The
capacity assignment is calculated by the SCFA-MF-ETE scheme for a given projected traffic

demand®. A flow assignment is optimized using the respective VP reconfiguration procedures, and
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9. The UF demand pattern is used in this experiment.
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the restoration is performed by the corresponding restoration schemes. Figure 4-9 summarizes the
results of this study for four sample networks. The load is increased from 90% to 110% RNL, and

only a base demand is employed at each load.

As expected, the MF-ETE scheme attains the highest restorability, while the KSP-LINE scheme
suffers from the largest loss of data. However, the relative performance of each scheme signifi-
cantly differs according to network topologies. For example, the MF-ETE scheme has a great
advantage over the other two schemes in the (24,60) network, while the difference between the
MF-LINE and the KSP-LINE schemes is insignificant. At 100% RNL, the MF-ETE scheme could
save about 42 NL and 45 NL lost flow over the MF-LINE and KSP-LINE schemes, respectively.
The NJ-LATA network, on the other hand, does not give a substantial benefit on the MF-ETE
scheme: A lost flow conserved over the ME-LINE is only about 4 NL at 100% RNL.

Regularity and connectivity of the network, which have been widely discussed in the previous
section, again account for these phenomena. Since the (24,60) network is well-balanced, the end-
to-end restoration scheme can distribute restoration flow evenly over the network. In addition, the
sparseness and low node connectivity of the network make the line restoration scheme more ineffi-
cient. Since all restoration flow must be sent between two nodes adjacent to a failed link, a restor-
able amount of flow is restricted to the total available spare bandwidth leaving the nodes. A
network with a lower node degree is severely affected by this bandwidth restriction, imposing a
significant penalty on the restorability of the line restoration scheme. Furthermore, such a network
is more susceptible to the effect of backhauling and looping, as discussed in the previous section.
In the end, the MF-ETE scheme achieves a substantial improvement for the (24,60) network not
only due to its effectiveness but also due to the inefficiency of the line restoration scheme for the
network. On the other hand, since the NJ-LATA network is well-connected, the locality of restora-
tion flow would not place a large penalty on the line restoration scheme. Irregularity of the net-
work topology might diminish the benefit of the end-to-end restoration scheme. Therefore, the

MEF-ETE scheme is less attractive for the NJ-LATA sample network.

4.5.4. The effect of two-step restoration

Two-step restoration aims at not only performing a quick recovery from a network failure but
also obtaining an optimal flow assignment against a possible subsequent network failure. Net-

work-wide restoration (NWR) is performed to realize an optimal VP assignment after temporal
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Figure 4-9. Restorability of the three SVPR schemes
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service interruption is recovered by fast restoration mechanisms. This section investigates the
effect of the two-step restoration scheme through a comparison of attainable survivability with and
without the NWR after a failure. An expected lost flow due to two successive link failures is used
to measure the performance. All possible combinations of link failures are considered, and .they
are assumed to be equally likely to occur. Formally, an expected lost flow due to two successive

link failures, L2 (f) , is defined as follows:

o =m3Lo
le E

L@ =L@+ ml-_—i T L)
ec E,e#l
where two complete link cuts are assumed to happen at links / and e consecutively. Lll (f) isalost
flow upon restoration of the first failure at link /, where f is a flow assignment before the failure.
L§° (f,) is a lost flow due to the second failure at link e which happens under a new topology
without link / and under a new flow assignment, f B f ; is a flow obtained after a failure of link /.
Note that f ; takes a different value depending on the availability of the NWR function. If some
amount of flow cannot be recovered upon restoration of the first failure, a part of the VP demand
cannot be satisfied after the failure. In such a case, a part of the requested VP bandwidth must be
rejected. If the NWR is applied, however, the flow assignment f ; largely depends on how the
demand is discarded. In the calculation of f ;» we assume that this demand rejection takes place
uniformly over the affected VP’s. Finally, le (f) gives an expected lost flow due to two succes-

sive link failures, assuming the first failure occurs at link /.

The relative network load from 80 to 105 percent is explored in the experiment. Only the base
demand is used at each load. The initial flow before the first failure, f, is assumed to be computed
by the proposed VP assignment procedures. The three restoration strategies are considered, and the
MFD method is employed in the experiments on KSP-LINE-based networks. After fast restoration
from a failure, some of the restored VP’s might be routed back to the link previously encountered
in the case of line restoration (backhauling). For example, a VP with a route 2-3-4 in the US-WAN
network (see Figure 3-4) may be rerouted over path 2-3-2-7-8-4 upon a link 3-4 failure, and the
path goes back and forth over the link 2-3. For KSP-LINE-based networks, the NWR procedure
removes these unnecessary loops before triggering the optimization process. Then, the procedure
uses the resulting flow assignment as its initial solution. This preprocessing is desirable since such

loops may not be removed completely by the algorithm. Since the algorithm usually finds a new
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flow along the line between the current flow and a shortest route flow, some amount of bandwidth
tends to remain allocated over the loops. In addition, it is beneficial to get rid of these obviously
inefficient routes beforehand because the iterations needed for their removal can be eliminated.
This preprocessing is uhnecessary for ME-LINE-based networks since the solution procedure does

not use the current solution as a starting point.

The results are illustrated in Figures 4-10 to 4-18. An average normalized lost flow, L2 (f) ,1s
depicted in Figures 4-10, 4-13 and 4-16 for both cases with and without the NWR function. Fig-
ures 4-11, 4-14 and 4-17 demonstrate the improvement of survivability measure with the NWR
function. The maximum improvement on L2 (le E) is depicted in addition to the average
improvement on L . Finally, Figures 4-12, 4-15 and 4-18 show the average surv1vab111ty gain due
to the NWR, given by (LWO—LW) /Lyo- Ly and Ly, denote the lost flow, L with and
without the NWR, respectively. The figures also plot the maximum survivability gain at each load,
which is defined by max { (L12W0 - L% w)/ lewo} . L?W and L12W0 give the expected lost flow,
le , due to a failurel %tE link ! and another subsequent link failure with and without the NWR,

respectively.

In the case of line restoration-based networks, on average 10 to 30 NL lost flow can be avoided
with the NWR at 100% RNL, 21 to 68 NL at most (Figures 4-11 and 4-14). The maximum surviv-
ability gain is 100% at a lower load (Figures 4-12 and 4-15). This implies that the NWR can com-
pletely restore a flow against a certain scenario of successive link failures. For example, suppose
the link 5-8 fails in the KSP-LINE-based NJ-LATA network and the load is below 90%. If the

NWR function is used, a flow can be restored from any successive failure, while on average 6 NL

flow is lost at the time of the second failure without the NWR function. Note that the average lost

flow due to two successive failures takes a positive value even with 80% relative load. More

capacity is required to realize full restorability against multiple link failures.

The average and maximum improvement increases as the load grows to the projected level. Due
to the reduced amount of spare capacity, a flow must be assigned more efficiently at a higher load
in order to restore more bandwidth against successive outages. This indicates that the NWR func-
tion is an effective way to promote network survivability at the presence of a network failure. Fur-
ther growth on the network load, however, causes the improvement to saturate and decrease. At

this saturation level, data loss becomes inevitable even with the NWR function. Such saturation
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occurs at a lower load for the (12,50) network due to a smaller spare capacity installation.

In the case of end-to-end restoration-based networks, the improvement of the survivability is
significantly smaller (Figure 4-17). On average, 6 to 9 NL lost flow can be avoided with the NWR
at 100% RNL. Survivability gain is also considerably smaller than that for line restoration—based
networks (Figure 4-18). End-to-end restoration is immune to backhauling and can exploit the
spare bandwidth more effectively than line restoration, even without the NWR function. The
smaller improvement is due to this efficiency of the restoration mechanism. Furthermore, less
spare capacity is installed in ETE-based networks, making them more susceptible to multiple fail-
ures. Thus, a relatively larger lost flow is incurred even with NWR. The expected lost flow due to
two successive failures increases rather quickly at a higher load, as observed in Figure 4-16.
Because of a smaller improvement and a larger amount of data loss, the scheme can only attain a

smaller survivability gain than the other schemes.

4.6. Summary

This section presents survivable virtual path routing problems for self-healing ATM networks
based on three fast restoration protocols. A similar approach to the SCFA problem can be applied
to the MF-based networks, while two novel algorithms are developed for the KSP-based networks.
The modified flow deviation method is developed to solve a non-smooth multicommodity flow
problem. A near-optimal solution can be found instantly while avoiding kinks by adjusting an opti-
mization parameter. A Lagrangian relaxation-based approach further advances the quality of the
solution although it requires more computation time. This approach also helps to obtain a lower

bound estimate of the optimum.

Numerical experiments reveal that the proposed algorithms work very well to avoid a lost flow
when a network load is at the designed level. The proposed approach can detect the links that
make the network vulnerable to a more damaging failure under the current traffic demand pattern
and adjust a flow so as to improve the survivability measure. When the load grows further, the
attainable survivability measure depends on the amount of spare capacity installed in the network
as well as the efficiency of the restoration schemes. The two-step restoration scheme is also showﬁ
to be very effective in promoting restorability after a failure. In the previous section, the three res-
toration schemes have been evaluated and compared in terms of required spare capacity cost. The

results in this section give two additional factors in decision making on the selection of the fast
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restoration schemes: restorability and applicability. The comparative analysis reveals that
restorability largely depends on the regularity and connectivity of a network. Applicability of the
MF-ETE scheme turns out to be somewhat restricted for a large network, and further speed-up of

the solution procedure should be addressed in future research.
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Figuré 4-10. Attainable survivability measure with and without NWR (MF-LINE)
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Figure 4-11. Improvement of survivability measure with NWR (MF-LINE)
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Figure 4-13. Attainable survivability measure with and without NWR (KSP-LINE)
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Figure 4-14. Improvement of survivability measure with NWR (KSP-LINE)
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Figure 4-16. Attainable survi\}ability measure with and without NWR (MF-ETE)
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V Conclusion

This concluding section summarizes the major contributions of this work and suggests possible

directions for future research.

5.1. Summary of Major Contributions

The significant contributions of this project are accomplished in the field of survivable network
management for high-speed ATM inter-office networks. The project has provided an integrated
view of survivable ATM network management systems with fast virtual path restoration capabili-
ties. The two concepts, two-step restoration and survivable ATM network management architec-
ture, have been introduced. We have identified two key open issues, the SCFA and SVPR
problems, and have developed the optimization models and the solution procedures for the prob-
lems. The broposed algorithms have been applied to comprehensive comparative analysis on the

fast restoration protocols. Figure 5-1 summarizes these contributions.

The first major contribution of this project is the identification of three key issues for survivable
ATM network management and their consolidation in order to deploy an efficient and cost-effec-
tive survivable ATM networks. The identified iésues are the fast restoration scheme, the survivable
virtual path routing (SVPR) problem and the survivable capacity and flow assignment (SCFA)
problem. The fast restoration mechanism performs run-time rerouting of affected virtual paths to
provide service continuity, while the SVPR problem aims at maximizing restorability through
dynamic virtual path reconfiguration in response to demand dynamics. The SCFA problem designs
a fully restorable facility network with minimum cost, with the aid of a joint optimization proce-
dure. The restorability of a fast restoration scheme completely depends on network design and vir-
tual path flow assignment. Therefore, these three key issues should be addressed in an integrated
manner to effectively realize survivable networks, but all previous works have overlooked
addressing the issues in this way. These survivability functions are integrated into an existing ATM

network resource architecture, leading to the survivable ATM network management architecture
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proposed in this project. The complexity of the resource management process is simplified by clas-
sifying different levels of network resources and traffic entities into layers. Survivability functions

are effectively consolidated into the virtual path layer and facility network layer.

Another fundamental contribution of this project is the introduction of the two-step restoration

concept in order to enhance an attainable survivability level after a failure. It accommodates two

Survivable ATM network Two-step restoration
2. Concepts management architecture concept
A
““““““ 1
1. Issues SCFA I Fast restoration | SVPR
fe - - - — — |
* MF-LINE
* KSP-LINE
* MF-ETE
y
3. Problem SCFA- SVPR-
Formulation | mELINE |y | MF-LINE
Procedures MF-ETE | « Modified flow deviation | MF-ETE

* Lagrangian relaxation

4. Evaluation - Comparative analysis on
the three fast restoration protocols

Figure 5-1. Major contributions of the project

- 100 -




contradicting requirements when a network failure happens: fast restoration and optimal virtual
path reconfiguration. The scheme has been proven to effectively prevent lost flow due to a subse-

quent failure, especially in line restoration-based networks.

0ptimizafion models have been developed for the SCFA and SVPR problems. The problem for-
mulation differs depending on the fast restoration scheme employed in the network. Three repre-
sentative fast restoration schemes have been identified, and distinct solution procedures have been
proposed accordingly. The problems can be formulated as a large scale linear programming prob-
lem for MF-based networks. In order to overcome a huge number of constraints inherent to the
problem, several mechanisms have been utilized, such as a column generation technique and arc-
chain flow representation which help to reduce the number of constraints to a manageable size.
Out of the employed techniques, the original ideas are to notice the basis matrix arrangement and
to develop the direct LU submatrix update mechanism. The identified basis matrix arrangement
facilitates the LU decomposition of the basis matrix, and its validity has been proven in the project.
These two mechanisms significantly economize the computation of the algorithm. Row generation
and deletion mechanisms have been further devised to cope with the explosive number of con-

straints for the ETE-based networks.

The SVPR-KSP-LINE problem has been formulated as a non-differentiable multicommodity
flow problem with linear constraints. The modified flow deviation method is another significant
contribution of this project. The premature convergence around kinks which is inherent to non-
smooth optimization could be avoided by properly adjusting optimization parameters. It has been
shown that the procedure quickly converges to a near-optimal solution. Further lost flow preven-
tion could be attained by a variation of the Lagrangian relaxation technique proposed in this
project, but it comes at the expense of the computational time. This procedure also helps in finding

a tighter lower bound estimate.

Finally, the performance evaluation of the proposed algorithms has not only verified the effec-
tiveness of the proposed survivable management systems, but also has given an insight into the
benefit of each restoration scheme. The economical benefit due to the end-to-end restoration
scheme has been especially investigated, and the effect of network topology has been examined.
Previous comparative studies have only been made qualitatively or through a simulation study.

With the proposed optimization procedures, we have clarified for the first time their pros and cons
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in terms of the optimal capacity installation cost. Contrary to a wide belief in the economic advan-
tage on the end-to-end restoration scheme, our comprehensive study has revealed that attainable

gain could be nominal for well-connected and/or unbalanced networks.

5.2. Future Extensions

This is the first work.on survivable ATM network management where fast restoration mecha-
nisms are taken into account. We have addressed the most fundamental and important aspects of
the problem in this project. However, there are still several open issues that require further
research. We conclude the project by attempting to identify some important issues to be addressed

as an extension of the research.

* Topological effect and topological design: Further investigation would be necessary to clarify
the effect of network topology on the required spare capacity cost as well as restorability. This
study would be useful for a topological design which is required to construct a new transmis-

sion network.!

 Cost function: In the SCFA problem, we assume a linear cost function. Its major benefit is the
substantial simplification of the solution procedure, which accounts for the popularity of the
linear approximation in most previous works. However, other cost functions might be prefera-
ble if more precise approximation of the installation cost is necessary. For example, a logarith-
mic cost function can accommodate the following effect of large-scale economy: As the

channel size increases, the incremental cost per bit decreases [44].

e Failure type: In this work, a complete span cut has been considered as the most plausible fail-
ure event, and the survivable network management scheme has been developed based on this
assumption. Other types of failure scenarios should be taken into account to enhance the net-
work survivability, if their likelihood is not small enough to neglect. Out of such candidates, a

node failure would be the most important event to consider in future research.

* Speed-up: Further work is required in the development of the SVPR-MF-ETE solution proce-
dures in order to complete within a reasonable computation time at a higher load. Heuristics or

polynomial time linear programming techniques [42] might be investigated.

1. When applied to an existing network where a network topology is given, however, the design approach developed in
this project would suffice. In the design of a survivable network management system, a fast restoration scheme should be
chosen with respect to the economy, restorability, applicability, restoration speed and control complexity. The proposed
solution procedures would help this decision-making process in terms of the first three criteria.
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o Lower level QOS: When a load is less than the designed level, a solution to the SVPR problem
is not usually a singleton. Although any solution could be selected from a survivability view-
point, a different VP assignment could lead to a different quality of service at a lower layer.
Our approach, of .course, guarantees that the QOS exceeds the designated level by satisfying
the VP-level traffic demand. However, it would be desirable to have some mechanism which
selectively chooses a solution from the optimal set, since this could further improve the QOS

at call and cell layers.

« Initial feasible solution to the SVPR problem: 1t is pbssible that no feasible solution would
exist for a given traffic demand. In such a case, a part of the demand must be somehow
rejected. For example, we must find a flow assignment which minimizes the amount of
rejected flow?. Note that although this precaution must be installed in the network, the above
situation would seldom happen if a network is properly designed. Significantly more redun-
dant capacity is required in order to assure full restorability against any link failure for a pro-
jected traffic demand. Therefore, a feasible flow can be obtained unless considerably heavier
traffic demand is offered to the network than the projected level or unless multiple network
failures are present. We have not encountered such a situation in our experiments where the
load is increased up to 25 percent more than the projected level. Since demand projection is
based on the busy hour traffic for the forthcoming design period (say a year), a load should be
typically 100% RNL or leSs in normal operating conditions. Furthermore, in lbng-haul or
regional exchange networks, where precautions against a network failure are highly necessary,
a network load is typically smoothed out since a large amount of traffic is integrated there.
Therefore, 125% or more RNL would arise only by overshooting demand across the entire

network, which would seldom happen in a practical situation.

» Transient phenomena after a failure: Based on the fast restoration scheme, the effect of a fail-
ure would be confined to affected virtual paths. However, if excessive data retransmission is
necessary, it might also affect other traffic along the restoration routes over some duration after
a failure. This would happen if data traffic dominates over the network. One possible solution
is to increase the required bandwidth over restoration paths in order to accommodate effective
bandwidth during this congested period. Further investigation would be necessary to deter-

mine the (VP-level) equivalent bandwidth on such an occasion.

2. We can formulate this problem as an LP problem.
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* Multiple projected demand patterns: This project considers a single projected traffic demand
pattern in the network synthesis problem. However, it would be preferable to consider multi-
ple projected traffic demands in a certain situation. For example, such a provision would be
appropriate for a network covering a wide area with multiple time zones because it creates
multiple busy hour traffic patterns. Since this would significantly increase the dimension of the

problem, further precautions should be devised to solve the problem in a reasonable time.

* SCFA-KSP-LINE: A heuristic approach has been applied to the SCFA-KSP-LINE problem.
Further research is required to find a better solution in this problem. A Lagrangian relaxation

technique might be also applied to this problem.
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Appendix A. SCFA-MF-LINE: Problem formulation

The following notations are used in the formulation of the SCFA-MF-LINE probleml.

P" :
RP?

X = (x”f) (Vre I, Vpe P") :

r= (rZ) (Vae A, Vpe RPY) :
z=(z) (Vac4)
da (Vae A)

E={leE:a¢ I}

0, p

f, (Vae A)

2. (Vae AVl Ey)

o' (VreIl)

w, (Vae A)

W (Vae A VieE)

A set of all possible routes for commodity € IT.

. A set of all possible restoration routes forarc a € A.

A commodity path flow vector.

An arc restoration path flow vector.

: A spare capacity vector.

. A unit arc installation cost. It is assumed to be non-nega-

tive.

. A set of all links except for the one containing arc a.

. An arc-path indicator variable which equals 1 if arc a is

contained in path p, and 0 otherwise.

: The amount of a flow of arc a.

: The amount of necessary spare bandwidth of arc a upon a

failure of link 1.

: The price of commodity (dual variable).

: The price of arc restoration (dual variable).

: The price of arc per failure (dual variable).

Assuming that the network resource installation cost is a linear function of arc capacity, the

1. Refer to Appendix T for the complete listing of the notations used in the report.

-105 -



SCFA-MF-LINE problem becomes a linear programming (LP) problem. The arc-chain flow repre-

sentation [9] is employed on the commodity flow as well as the restoration flow?. The SCFA-MF-
LINE problem and its dual problem (SCFA-MF-LINE-DUAL) are formulated as follows:

Minimize
over

subject to a)

b)

c)

z —zaZO ‘v’aeA,VleEa

2 rZ—fa=O Vae A

fa= 2 2 Ga’p-x;
nenpep“

l ' b

z, = Z Z Oa,p-rp
belpeRP”

(SCFA-MF-LINE)

(A-1)

(A-2)

(A-3)

Maximize

over

subject to i)

z qTE‘GTE

nell

n . 1
G, w, unrestricted, u, 20

Y (d+w) >0"

acp

H;,ZW Vpe RP®,Vae A

a
be p:(l3a)

Vpe P, vrell

(SCFA-MF-LINE-DUAL)

(A-4)

(A-5)

2. There are two ways to represent a flow in a network. The arc-node flow representation uses a collection of arc flows
to represent a network flow, while the arc-chain flow representation employs a set of path (and cycle) flows [4] [9].
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i) ¥ ui<d,  Vaca (A-6)
leE,

l:(agl)
M a

]
(=]

The flow conservation law (A-1) says that the traffic demand of a commodity is satisfied over
virtual paths for the commodity. The capacity constraints (A-2) state that the spare capacity of
each arc must be at least equal to the amount of the arc bandwidth required for restoration from
any single-link failure. The constraints are expressed for every combination of a link failure event
and a remaining arc after the failure. The full restorability constraints (A-3) enforce restoration of
all affectéd arc flow over the restoration paths. o" , ui and w_ are the simplex multipliers corre-

sponding to the constraints (A-1), (A-2) and (A-3), respectively.

Appendix B. SCFA-MF-LINE: Solution approach

The SCFA-MF-LINE problem is modeled as a large-scale LP proBlem with a special structure.
Since direct application of an LP algorithm to this problem requires highly intensive computation,
the following modifications are made. First of all, the arc-chain flow representation is selected
instead of the arc-node representation [9]. The arc-chain flow representation significantly lowers
the size of a constraint set, especially for a large network. For example, the size of flow conserva-
tion constraints is reduced from |IT| - |[V] (O(V?)) to |TT| (O(V?)). For example, 1,210 constraints is
reduced to 110 constraints for an NJ-LATA network® and from 21,168 constraints to 756 con-
straints for a US-WAN network®. "

(28490)

The column generation technique is applied to accommodate infinitely many path variables in
the arc-chain flow representation [50]. The technique generates variables as needed during the
course of the algorithm instead of listing all columns at once. This strategy utilizes the fact that

only a few paths will be actually used in the optimal solution. The solution procedure is decom-

3. Anetwork with n nodes and m arcs is referred to as an (n, m) network in this report.
4. Itis assumed that one commodity is defined for each source and destination node pair in this calculation.
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posed into a master process and a sub-process. The sub-process adopts the simplex algorithm and
calculates an optimal solution using generated columns. On the other hand, the master process
checks whether the obtained solution is globally optimal or not. The global optimality is verified if
the dual feasibility conditions (A-4) and (A-5) hold’. Although the conditions must be satisfied for
all commodity paths and all restoration paths, it suffices to examine their shortest paths. The con-
dition (A-4) is satisfied if the length of the shortest commodity path of 7t under modified arc length
(d 2 tw,) is not less than " . The condition (A-5) holds if the length of the shortest restoration
path of arc a under metric {ulb: ael,be A} is not less than w,_ . Dijkstra’s algorithm can be
applied to find the shortest paths for each commodity and for each arc. If the dual feasibility condi-
tions are violated for any shortest path, then the total capacity installation cost could be reduced by
using this path. Therefore, the master process generates all violated shortest path variables® and
invokes the sub-process. Otherwise, the obtained solution is globally optimal. After the comple-
tion of the procedure, a post-processing routine is called to make the link bandwidth a multiple of
that of available optical fiber cables (round-up procedure). The proposed solution procedure is
summarized in Figure B-1. The initialization process generates only the columns pertaining to the

shortest commodity paths and the shortest restoration paths and obtains an initial feasible solution.

The revised simplex method has been widely used due to its effectiveness in reducing both run-
ning time and memory space [17] [54], and it is applicable to the sub-process. Each iteration of the
revised simplex method requires solving two systems of linear equations to find an entering col-
umn vector and a set of simplex multipliers [17]. The basis matrix is factorized into an LU form in
order to facilitate the solution of the linear systems’. The computational load of the revised sim-
plex method is dominated by the update of the LU matrices and the solution of two linear equa-
tions. Thus, the dimension of the basis matrix largely determines the speed of the algorithm. In the
SCFA-MF-LINE problem, the dimension can be to the order of 10> or more for a large network,
even with the reduction introduced by the arc-chain flow representation. Since the required com-
putation for the revised simplex method becomes nontrivial in such a large-scale LP problem, it is
necessary to exploit the structure of the problem in order to reduce the computational burden. The

following observations are used to develop our algorithm:

3. Note that the condition (A-6) and non-negativity of p.i are assured at the end of the sub-process.

6. At the end of the sub-process, the dual feasibility conditions are satisfied for all generated path variables. Thus, if the
condition is violated for a path at the master process, then this path has not yet been generated.

7. This approach has also been shown to possess numerical stability [54].
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Initialization process

» Generate initial columns ‘#

——— | Master Process

1. Test dual feasibility OK | 5l Post-Process

2. Generate columns if dual fea- « Round-up procedure
sibility is not satisfied.

DONE

Sub-Process - Perform a revised simplex algorithm on genérated columns

1.

2.
3.
4

Calculate simplex multipliers.

Pricing-out operation: Select an entering variable. If there is no candidate, return.
Ratio test: Select a leaving variable so that a standard form can be maintained.
Update a basis and its LU factorization through a direct LU update. Go back to 1.

Figure B-1. Solution procedure for the SCFA-MF-LINE problem

At the end of any iteration, the following two statements are true if q’t >0 for Ve II:

1. For each commodity T € IT, at least one commodity path flow variable, x;: (pe P" ), is in

the basis.

2. Foreacharc ae A, it is possible to maintain at least one restoration path flow variable, r;

(p € RP%), in the basis.

We randomly choose one such basic variable from each commodity and each arc, and call it a key

flow variable. At each iteration the basis matrix B can be arranged as follows:

I c

R I D
H, -1K M, (B-1)
Hy, 1M,
H3 K3 M3

where I is an identity sub-matrix. The first set of columns corresponds to the key commodity path

flow variables, and the second set is composed of the key restoration path flow variables. The
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remaining commodity and restoration path variables are collected into the last set. The third and
fourth sets of columns contain the slack variables of the capacity constraints and the spare capacity
variables, respectively. The first set of rows represents the flow conservation law (Equation (A-1)),
and the second set represents the full restorability constraints (Equation (A-3)). The capacity con-
straints (Equation (A-2)) are collected and arranged in the last three sets of rows so that the iden-
tity submatrices with proper sign can appear in the place shown in Equation (B-1). All sub-
matrices, R, H;, K;, M; (i=1,2,3) are sparse. The basis matrix arranged in the above manner is

called a standard form in this project.

Using the above matrix arrangement, the LU matrices can be readily obtained as follows:

[ 1 1[1 C|

R I I F

| H I _ 1K, Y,
H, I 17y,

| Hy K3 Lj | o

where F = D-RC,Y; = M;~H,-F fori = 1,2,3 andZ=L-U = ¥;-K; - Y,. The major
computational task here turns out to be the factorization of the submatrix Z since the matrix multi-
plications to obtain F, Y; and Z can be easily performed by exploiting the problem structure. The
dimension of Z is identical to the number of non-key flow variables which is significantly smaller
than that of the original matrix, B. According to our computational experiments, the dimension of
Z is only up to an eighth to a fourth of dim(B), resulting in a large reduction of memory space and
execution time. The algorithm runs about 30 times faster than the method which factorizes the

basis matrix at each iteration®.

By taking advantage of the similarity between two successive submatrices, we can further econ-
omize the computation. The LU submatrices can be directly updated instead of factorized from
scratch at each iteration. Depending on the type of the entering and leaving variables, the pivoting
operation can be categorized into four classes:

Class 1)The entering and leaving variables are both slack variables, and the capacity con-

straint corresponding to the entering slack variable is in the fifth set of rows. In this case, a

8. This speed-up is based on the experiments on the NJ-LATA sample network shown in Figure 3-4, “Sample networks
1. Real networks,” on page 41. Further speed-up is expected for a large network.
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row of Hj, K3 and M3 changes in the same position, resulting in a single row update in the

submatrix Z (Figure B-1-a).

Class 2)A commodity or restoration path flow variable enters and a non-key flow variable

leaves. In this case, the new submatrix Z differs from the previous one only in a single col-
umn because a column update of C, D, M;, M, and M3 occurs in the same position (Figure

B-1-b).

Class 3)The entering variable is a flow variable and the leaving variable is a slack variable.

The dimension of the submatrix increases by one in this case. The update can be arranged so
that a new column is added to C, D, M; and M, in the last column. A new row is appended to
Hj and K; in the last row, and a new row and a new column are added to the submatrix M3 in
the corresponding position. This results in aftaching a single row and column to the previous

submatrix Z (Figure B-1-c).

Class 4)In other cases, no explicit rule exists to realize a direct LU update.

A direct LU update is possible for the first three classes, and further improvement on the com-

putation time will be attained if these three types of pivoting are dominant. Table B-1 shows the

frequency of pivoting for each class based on our experiments. More than 75 % of pivot operations

fall into the above three categories, and we could thus double the speed of the computation. The

LU factorization routine is invoked at 18 to 25 percent of the iterations, and they are evenly dis-

tributed. Thus, the refactorization prevents a round-off error from propagating over the iterations

and leads to a numerically stable operation.

The Bartels and Golub’s decomposition method [12] [67] is applied in the first two classes. The

LU update procedures for Class 1 are summarized in the following passage. Class 2 can be han-

dled in a similar fashion.

1.

First, the new submatrix Z new is factorized inta L- U as shown in Figure B-2 (a), where
L, and U, are the submatrices 1 and U before the basis update. U = U, while L
differs from L ,, only by a single row as shown in the figure.

A cyclid row permutation on the matrix L gives a lower Hessenberg matrix H as shown in
Figure B-2 (b). In a matrix form, H = P - L where Pisa permutation matrix.

Using elementary column operations, the matrix H can be transformed into a lower triangu-
lar matrix L. as L = L-M where M is an elementary matrix.

new new

An upper triangular matrix U, = M~1. U.
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Now the LU decomposition of the permuted submatrix P- Z_ isobtainedas L, and U, .1t
may be necessary to interchange adjacent columns for pivoting during the third step, and this can

be accomplished by a slight modification of the above procedure.

As for Class 3, the following procedures yield a new LU decomposition:

1. First, the new submatrix Z new is factorized into L - U as shown in Figure B-3 (c).

2. Using elementary row operations, U can be transformed into an upper triangular matrix
uU,,, Inamatrix foom, U, = M- U where M is an elementary matrix with a special

structure as shown in Figure B-3 (d). No row permutation is necessary in this case.

3. Alower triangular matrix Lnew = L-M-!.1Ithas a closed form as shown in Figure B-3 (d)

Note that the worst case complexity of the proposed algorithm is exponential since the simplex
algorithm is employed in the sub-process [17]. However, the running time is considerably reduced
by the proposed mechanisms to a level where the algorithm is applicable to any network with a

practically reasonable size. Based on our experiment using the DEC Alpha-station 200 4/233°, the

_’/
: 7
IO
Nk 2 Zou 2
2 % 4
(/77777 ]1z
a) Class 1 b) Class 2 ¢) Class 3

Figure B-2. The structure of a new submatrix Z

Class min ~ max average
Class 1 7.3 ~36.3% (29.2%)
Class 2 17.5~46.0%  (26.8%)
Class 3 17.3~292%  (20.7%)
Class 4 17.5~253% (23.3%)

Table B-1. The frequency of pivoting by category

Two sample networks, the NJ-LATA and US-WAN networks, are used in the
experiments (see Figure 3-4, “Sample networks 1. Real networks,” on page 41). Ten
randomly generated demands are employed for each network model.
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total computing time is less than 10 minutes for the NJ-LATA network and about an hour for the

US-WAN network!0.

Appendix C. SCFA-MF-LINE: Validity of the algorithm

This section verifies the two claims which have been used in the development of our algorithm.
The first claim is that a basis matrix can be arranged in a standard form in all iterations of the sub-
process. The second claim is that a well-known shortest path algorithm can be applied to the dual
feasibility tests in the master process. Note that the column generation algorithm guaréntees the

termination of algorithm at the optimum in a finite number of iterations if the generated columns

_______ 1
|
z _ LzU!
- |
Laa \_i
@2z, = L-U inClass 1 (b) A lower Hessenberg matrix
-, -1 -
z'=L,, 2
Zyg 2| _ | Loa |0]| Uog |Z| M= I |0 L., =| Lo |0
Z - 5 T z - m |l -m |1
©2Z,,=1L-UinClass3 (d) M and L,,,,, for Class 3

Figure B-3. Direct LU update operations

9. This alpha station runs at 233 MHz (21064A) It has SPECint 157.6 and SPECfp 183.8. A 512 KB cache and a 64 MB
memory are installed.

10. See Section 3.4.2. for details on the settings of the experiments.

-113-



are not removed [50].

Lemma C-1

Assume qn >0 for Vr € IT, and suppose that a positive flow is assigned for any arc in the
algorithm. Then, a basis matrix B can be arranged as in Equation (B-1) in all iterative steps

of the sub-process.

(proof)

Since qn >0 for Vr e I, at least one cbmmodity path flow variable must always be in the
basis for each commodity. Similarly, based on the positivity assumption of an arc flow, at least
one restoration path flow must be in the basis for each arc. Therefore, it is possible to choose a
key flow column for each commodity and for each arc which constitutes the first and second
sets of columns. The last set of columns has no restriction, and any non-key flow variables can
be collected there in any order. Let si denote the slack variable of the capacity constraint for
arc a against a failure of link /. The placement of all basic slack variables in the third set of col-
umns requires that the corresponding capacity constraints be in the third set of rows. Now,
place a basic spare capacity variable, z_, in the fourth set of columns. This requires that some
capacity constraint for arc a be arranged in the corresponding row in the fourth set. Therefore,
a slack variable, si , must be non-basic for some / € E_. Assume otherwise. Suppose Jdae A
such that z and sla forall le E, are in the basis. Let B be a sub-matrix of B composed of
the columns z, and si for Vie E,. Although B, is composed of |Ea| +1 columns,
dim(B,) = |E a| . Thus, the column vectors of B are linearly dependent. This contradicts

the fact that the column vectors of B are a part of the basis.

(QED)

Note that the first assumption is not restrictive since a commodity with no demand can be elimi-
nated from the set I1 in the problem formulation. The second assumption requires that any arc has
a positive flow, which usually holds for any properly designed network. The assumption is vio-
lated only if an arc is unnecessarily installed between nodes where no load is offered due to a lack
of demand. Furthermore, the following Lemma suggests that it is possible to maintain at least one
restoration flow variable in the basis even if an arc flow becomes zero at some point in the sub-pro-

cess. Consequently, the second assumption is not necessary.
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Lemma C-2

Suppose that r: is the only restoration flow variable for arc a in the basis, and it is selected
as a leaving variable at an iteration in the sub-process. Furthermore, suppose that the
entering variable is not a restoration flow variable for arc a. Then there always exists another

candidate than r; that will leave the basis.

(proof)

Let B be the current basis matrix before pivoting, m be the dimension of B(m = |B]), and n
be the number of all generated variables. Suppose that the g-th column vector (g>m) is
selected as an entering variable, and the leaving variable, r: , is the r-th column vector (r< m)

before pivoting. The following notations are used throughout the proof.

a, = (a; q) (i=1,...,m) : The column vector corresponding to the entering vari-
able.
b= (bi) (i=1,...,m) : The right-hand-side column vector.

, . | S . . .
a, = (aiq) (i=1...,m) : a, =B ‘8, where B is the basis matrix before pivot-

ing.

b= (b)) (i=1,..,m) : Solution vector before pivoting. Namely, b’ = B_1 ‘b

y=0) G=1,.,n) : Solution vector after pivoting, using r; as the leaving

variable. The value is given by:

b/a,, (i=q)
y; = bi'—(aiq'-yq) (ism,i#r)
0 (i>mitq,i=r)
X’= {x: :a€ p, xz is in the basis before pivoting for Vr € IT}

Namely, X? isasetof all basic commodity path flow

variables that go through arc a before pivoting.
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Case 1) When X'20

All basic variables in X” become zero after pivoting since the only basic restoration path

variable of arc a leaves the basis.

Case 1-a) When br’ >0,

Since br' > 0, there exists at least one commodity flow variable in X” such that it takes a
positive value before pivoting. Suppose that xg is such a variable, and it is in the k-th column
of the basis (b k’ >0). a, q' >0 since the r-th variable is selected as a leaving variable. Thus,

we have Vg = b'/ arq' > 0. Since all basic variables in X” becomes zero after pivoting,

e=b'=-(aqy) =0

This together with the positivity of b, and Y gives

4, =b/9,>0 - (C-1)

Furthermore, we can derive

Yg = br'/arq' = bk'/akq' (C-2)
From (C-1) and (C-2), we can conclude that xg is an alternative leaving variable.

Case 1-b) When br' =0,

Since b,” = 0, all variables in X* must be zero even before pivoting. Let I” be a set of the
column indices for all variables in X°. Assume that there is no other choice for a leaving vari-
able. This implies akq's 0 for Vke I”. Otherwise, a variable violating this condition can

leave the basis since

Yg=b/ra,) =b'/a, = 0forke [’

Now consider the following linear system which is composed of all basic variables and the

entering variable (the g-th column).
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(C-3)

=
+
2
s
1
o

The full restorability constraint for arc a can be rewritten in terms of x; as follows:
%= X, %=V % =0 (C-4)
kel

if the entering column is the commodity flow variable
{ and its path contains arc a

VY, =
0 otherwise

Then, any solution of the linear system (C-3) must satisfy (C-4), since the former is the system
transformed from the set of the constraints of the SCFA-MF-LINE problem, including Equa-
tion (C-4). Now let x, = 8>0. Since a,,’>0 and a, <0 for Vke I°,

- ’_ ’ = ’
xr—br a,'x arq8<0,and

q9 4

X, = bk'—ak ‘x = —akq'SZO for Vke I

q9 4

However, this violates Equation (C-4) and leads to a contradiction. Therefore, there is at least
one variable in X° with column index k (ke I 2) such that a; q’ >0, and we can select this

variable as a leaving variable.

Case 2) When X =0

The only restoration flow variable of arc a in the basis becomes non-basic. Thus, the enter-
ing variable must be a commodity flow variable whose path includes arc a. Otherwise, the row
vector of the basis matrix corresponding to the full restorability constraint of arc a becomes
zero. Thus, the resulting column vectors of the basis matrix do not form the basis. Since all
restoration flow variables for arc a are out of the basis after pivoting, y g = 0. Thus,
b' =y g @ ’ = 0. Substitute x 7= 8>0 in the system (C-3) as before. This yields

’

x =
rq q

rq
x,=b ), —-a -a, q'8 < 0. However, this violates Equation (C-4). Therefore, the only
basic restoration flow variable of arc a never leaves the basis when X =0.

(QED)
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An initial basis includes one restoration path variable per arc. Thus, the situation described in
Lemma C-2 is the only time when all the restoration path variables of a certain arc become non-
basic. The Lemma assures that the selected leaving variable can be replaced in such a case. Note
that this situation seldom happens in practice, as discussed earlier, and has never been encountered
in our experiments. The following concluding theorem on a basis matrix arrangement is a direct

consequence of Lemma C-1 and Lemma C-2.

Theorem C-1

Assume qn> 0 for Vr e II. Then, at each iteration of the sub-process, it is possible to

maintain a standard form of the basis matrix B by selectively choosing a leaving variable.

The following Lemma ensures that a well-known shortest path algorithm can be applied in the
dual feasibility tests related to the commodity flow variables (Lemma C-3-i) as well as the restora-

tion flow variables (Lemma C-3-ii).

Lemma C-3

At the end of the sub-process, the following two statements are true:

i) No negative arc exists in the network G with arc cost {da +w,}.

ii) For Vle E, no negative arc exists in the network G\ {I} with arc cost {p.i} .

(proof)

Obviously uf 20 (Vae A, Vlie E a) at the end of the subprocess because all dual feasibil-
ity conditions are assured except for those related to non-generated flow variables. Let
(G, w, [1) denote a row vector of simplex multipliers arranged in the order of corresponding
constraints in the standard form of the current basis matrix, B. Then, the equality
(&1, 0, 33) = (0, w, [L) B holds, where &1 and &3 are the cost vectors of the corresponding
basic variables. The second equation, 0 = w-B, is equivalent to w = -uH
(H=(H,, H,, H3)t), and this leads to w, = Zbe pui’“zo for Vae A, wherep is the

key restoration path for\ arc a. Thus, da +w,2 0 for Vae A.
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Appendix D. Extension to SCFA-KSP-LINE

A heuristic algorithm is developed to find a fully restorable capacity assignment for a KSP-
based system. It uses the optimal solution of the SCFA-MF-LINE problem as a starting point. The
KSP restoration usually requires slightly more spare bandwidth than the MF restoration. The pro-
posed heuristic detects the amount of unrecoverable flow and gradually adds capacity over the
shortest restoration path by iteratively invoking the following loop until full restorability is
attained:

1. Letu” and u‘3 be the amount of unrecoverable flow of arcs o and P against a failure of link

1(I = {a,B}). Calculate Ac, = }‘Iéaé{e . 22} for ge (0,1] where 22 is given by:
B

R o
Z =9 a'u +9 5-u ’
a a,p a,p

pa and pB are the shortest restoration path for arcs o and B, respectively. 22 gives the nec-
essary additional capacity of arc a in order to restore the unrecoverable flow due to a failure
of link / over the shortest restoration route.

2. For Vae A, add capacity by Ac, .

Invoke the round-up procedure.

Fully restorable capacity assignment is obtained in one iteration if the incremental rate, €, is set to
one. However, the additional spare capacity over the shortest restoration routes for certain arcs
could increase the spare capacity of the k-th (k # 1) shortest route of other arcs. On such occa-
sions, the spare capacity can be shared with different failure scenarios, and the required amount of
additional spare capacity would decrease. If € is set to one, however, the heuristic cannot attain the
cost reduction by spare capacity sharing. Thus, a smaller value of € would yield a less expensive
assignment with a slightly higher number of iterations. Our preliminary experiments have shown
that £=0.1 is small enough to acquire the least expensive capacity allocation with this heuristic

algorithm. This post process routine typically terminates in tens of seconds with a few iterations.

The KSP rerouting performs restoration path hunting through message flooding. In order to
complete the restoration in a short period, it does not usually seek lengthy alternate routes, while
such routes could be selected in the MF rerouting algorithm. In addition, a hop-limit is typically
imposed on a restoration route. Therefore, the solution of the SCFA-MF-LINE problem might not
be appropriate as a starting point of the proposed post-processing routine. In order to conform to

more realistic situations, the algorithm is slightly modified as follows: First, all candidate restora-
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tion routes are enumerated, and their columns are generated at the beginning of the procedure. In
the master process, all procedures related to restoration flow variables are skipped, and only the
dual feasibility conditions corresponding to commodity flow variables (namely, Equation (A-4))
are examined. If necessary, a commodity flow variable is generated in the master process, but not a
restoration flow variable. The post-processing routine uses the solution of this revised algorithm as
its initial solution. Due to the restriction on the restoration path variables, significant improvement
on the computation time is achieved by this modification. Our experiment indicates that the
required CPU time is reduced by an crder of magnitude for a US-WAN network. It is also
observed that the cost increase is only 2 to 10 percent over MF-based networks with restoration

path restriction.

Appendix E. SCFA-MF-ETE: Problem formulation

The SCFA-MF-ETE searches for an optimal capacity and flow assignment for the self-healing
ATM networks based on end-to-end restoration. In the problem formulation, the full restorability
constraints must be revised due to the different restoration strategies, while the others remain
almost identical to that of the SCFA-MF-LINE problem. In end-to-end restoration, each commod-
ity selects its rerouting paths independently between the respective source and destination nodes.
Thus, one full restorability constraint is required for every combination of a commodity & and a
failed link /, which is referred to as a (,l) constraint or a (m,l) row in this project. The following

additional notations are employed in the formulation of the SCFA-MF-ETE problem!!:

RPn’l : A set of all possible restoration routes for commodity
e Il against a failure of link /e E. Its element is
called a (r,l) restoration path.

y . |
r=( rf) ) : Arestoration path flow vector. te I, /e E, pe rRP™!
0 al,p : An indicator variable which equals 1 if both arc a and

link / are contained in path p, and O otherwise.

11. Refer to Appendix T for a complete listing of notations.
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ri Vae A, Vie E, : The amount of bandwidth of arc a which is released by

affected VP’s due to a failure of link /.

"'vre I,Vie E : The price of link restoration per commodity (dual vari-
able).

Now the SCFA-ME-ETE problem and its dual problem (SCFA-MF-ETE-DUAL) are formulated

as follows:
Minimize D(xr2) = Y d,-c, (SCFA-MF-ETE)
' ac A
over x20,r202z20
TC n
subject to a) z p =4 Vrell (E-1)
pe P
bz, +r 220 VaeAVIcE, (E-2)
o Y &'-F Te,, =0 VielVieE (E-3)
pe RP™' aelpe p
Ca = fa +Za
n
fa= 2 2 ea,p'xp
ne Hpe P
)
g = Z Z ap Tp
neE l'Ipe RP
1 T
Ta = 2 Z 6a,l,p"xp
ne Hpe )
Maximize Y q-c (SCFA-MF-ETE-DUAL)
nell
over cn, wn’l unrestricted, ui 20
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W1 1
subjectto i) Y, (d+w")-Y Y p 20"  Vpe P Vrell (E4)
ae p:(l3a) le paep

i) Yu2w"'  VperP®.VrelVicE (E-5)

aep

i) 3 u<d,  Vaea (E-6)
le E,

l"':(ae )] =

0

The constraints (E-1), (E-2) and (E-3) correspond to the flow conservation law, the capacity con-
straints, and full restorability constraints, respectively. Note that the end-to-end restoration scheme
releases the bandwidth of the affected VP’s over their original routes. The released capacity can be
reclaimed for the restoration of any affected traffic. This phenomenon is embodied in the second
term of the capacity constraints which express the amount of the reusable bandwidth. 6" , ui and

wh ! are the simplex multipliers corresponding to the constraints (E-1), (E-2) and (E-3), respec-

tively.

Appendix F. SCFA-MF-ETE: Solution approach

An approach similar to that for the SCFA-MF-LINE problem can be applied to the SCFA-MF-
ETE problem. The arc-chain flow representation is employed to simplify the constraint structure,
and the column generation approach is applied to handle the enormous number of path variables
due to the arc-chain flow representation. The solution procedure is decomposed into a master pro-
cess and a sub-process. The computational load of the simplex procedure in the sub-process is con-
siderably lowered by exploiting the special structure of the problem. The following two statements
are true at the end of any iteration if qn >0 for Vre II.

1. For each commodity & € I, at least one commodity path flow variable, x: (pe P" ), is in

the basis.

2. Foreach combinationof te IT and l € E, it is possible to keep at least one restoration path

flow variable, rZ’ ! (pe RP™ l), in the basis.
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Then the basis matrix, B, can be arranged as shown below, and it can be readily factorized into an

LU form:
[ 1 cl |1 1 [ C|
R I D R I I F
B = |A H -1 K My = |AH : KT (F-1)
A Hy I My |AH I 1Y,
A Hy Ky My Ay Hy Ky Ll | o

where F = D~RC, Y, = M;-H;-F~A;-C for i = 1,2,3 and Z=L-U = Y;-K;- Y.
The arrangement of the rows and columns is consistent with that in Equation (B-1). The structure
is almost identical except for the introduction of A; (i=1,2,3), which comes from the second term
of Equation (E-2). All sub-matrices, R, A;, H;, K;, and M; (i=1,2,3) are sparse. We again call the
basis matrix arranged in this manner a standard form. A direct update of the LU submatrices can

be carried out in the same fashion as discussed in the previous section.

' Additional mechanisms must be devised to tackle the new issues inherent to the SCFA-MF-ETE
problem. First of all, the number of full restorability constraints grows enormously, from IAl
(O(A)) in the SCFA-MF-LINE problem to |E| - 1] (O(AV?) in the SCFA-MF-ETE problem (i.e.
from 46 to 2,530 for an NJ-LATA network, and from 90 to 34,020 for a US-WAN network).
Although the size of the submatrix Z and the computation of LU factorization remain the same,
the revised simplex procedure significantly slows down in the corriputation of an entering column
vector and simplex multipliers at each iteration. The end-to-end restoration scheme requires that
its full restorability constraints be expressed for all combinations of commodities and link failure
scenarios. However, the (T, I) constraint is necessary only if at least one generated commodity
flow for =, x; , goes through the link I. The (x, ) constraint is defined active if it satisfies the above
condition and is called inactive otherwise. The inactive (r, [) constraints do not have any effect on
the sub-process since the value of their related basic variables, r;’ l, stays zero in the entire opera-
tion of the sub-process. Since each commodity is expected to be transferred over only a fraction of
a network, the number of the constraints can be largely reduced by generating only active (, )]

constraints.

The master process generates a (T, /) row when it becomes active due to newly generated com-

modity flow variables of 7. In addition, it deletes non-basic commodity and restoration flow vari-
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DONE

Initialization process - Generate initial columns and rows

Post-Process
* Round-up procedure

A

—»| Master Process - Check global optimality

1. If the objective function value improves during the previous sub-process,
a) Remove all flow variables which stay out of the basis for a long period.
b) Remove inactive full restorability constraints (rows).

Calculate simplex multipliers for all constraints.
Check x,-related dual feasibility. Generate columns/rows if necessary.
Check rj-related dual feasibility. Generate columns if necessary.

LA ol

If no column is generated, then return.

l

Sub-Process - Perform a revised simplex algorithm on generated columns/rows

1. Calculate simplex multipliers for currently generated constraints.

2. Pricing-out operation. Select an entering variable. If there is no candidate, return.
3. Ratio test. Select a leaving variable so that a standard form can be maintained.
4. Update a basis and its LU factorization through a direct LU update. Go back to 1.

Figure F-1. Solution procedure for the SCFA-MF-ETE problem

ables which have not been referred to for some period. This decreases the number of non-basic
variables involved in the pricing-out operation [54] in the subprocess. More importantly, the
dimension of the basis matrix can be reduced. A (%, I) row can be removed if it turns inactive as a
result of the deletion of a non-basic commodity flow variable. Note that this column deletion pro-
cedure can be performed only when the value of the objective function has improved in the previ-
ous sub-process. This condition is required to guarantee the termination of the algorithm in a finite
number of iterations. Figure F-1 summarizes the proposed solution procedure. The initialization
process generates only the shortest commodity path variables, active full restorability constraints,

and the shortest restoration path variables for the active constraints.

The major role of the master process is to test the dual feasibility conditions and to determine
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whether the solution obtained in the sub-process is globally optimal or not. Since the dual feasibil-
ity condition (E-6) and non-negativity of p.i are already established at the end of the sub-process,
only the conditions (E-4) and (E-5) must be checked. As in the SCFA-MF-LINE problem, it is suf-
ficient to examine a set of shortest paths to verify the global optimality. However, a shortest path
algorithm cannot be applied to the test on (E-4). This condition is assured if the length of the short-
est path of commodity ® with the modified arc cost (d a+wn’ ’94) and the mutual arc cost
(—ufz) is not less than o . The mutual arc cost is imposed if a path goes through both arc a and
link 1. A quadratic shortest path (QSP) algorithm, which is described in Appendix Q, is developed
to obtain the shortest path of this type. As to the condition (E-5), a traditional shortest path algo-
rithm can be adopted. This condition is satisfied if the length of the shortest path pe RP™ ! under
modified arc length ui in the network G\ {/} is not less than w" l. If the dual feasibility condi-

tions are violated, then the master process generates all violated shortest paths and invokes the

sub-process. Otherwise, the current solution is globally optimal.

In the above dual feasibility test, all simplex multipliers must be at hand including the ones cor-
responding to non-generated full restorability constraints. The multiplier for the generated rows
can be obtained by d - B-! where a vector d contains the cost vector corresponding to the current
basis. As for a non-generated (r, [) constraint, its corresponding simplex multiplier, w l, can be
obtained by Za cp ui , where p is the shortest path for commodity 7@ in the network G\ {/} with
the modified arc cost p . It can also be shown that the row generation and deletion procedures in
the master process will not change the value Z = L - U in Equation (F-1). Therefore, it is not nec-
essary to re-factorize Z at the end of the master process, and the LU factorization for a new set of

constraints can be trivially obtained.

The execution time of the proposed algorithm is largely reduced by the above mechanisms,
although more time is required than in the case of the SCFA-MF-LINE problem. In our experi-
ment!2, the execution time ranges from an hour to a day depending on network size. Since the
algorithm is meant for a network planning, the execution time is not a critical issue unless it takes

unreasonably long, say a month or more.

12. Refer to Section 3.4.2. for details on the settings of the experiments.

-125-



Appendix G. SCFA-MF-ETE: Validity of the algorithm

This section shows the validity of the claims which have been employed in the development of
our algorithm. First of all, we show that a basis matrix can be arranged in a standard form at any

iteration of the sub-process.

Lemma G-1

. . . 1, .
Consider an active (m, ) constraint. Suppose that r: is the only (m, [) restoration path
variable in the basis and is selected as a leaving variable at some point in the sub-process.
Furthermore, suppose that the entering variable is not a (, [) restoration path variable. Then,

we can always find a candidate for a leaving variable other than rz' l.

(proof)

Let X" - {xZ :le p, xz is in the basis before pivoting } Then, the assertion can be
proved in the same way as in the proof of Lemma C-2 with x* replaced by x" l. Namely, it
can be shown that some commodity flow variable in Xn’l can leave the basis when Xn’l is
non-empty, and that rZ’ ! is not selected as a leaving variable when x" ! is empty.

(QED.)

An initial basis includes one restoration path variable per active restoration path. When a (=, )
row is generated in the master process, a corresponding restoration path variable is also generated.
Thus, the situation described in Lemma G-1 is the only occasion when all (=, /) restoration path
variables could be removed from the basis. As in the case of the SCFA-MF-LINE problem, the
above Lemma assures that replacing a leaving variable is always possible on such an occasion.
Unlike the previous case, however, this situation could happen in practice!3. Therefore, the selec-

tion mechanism of a leaving variable is mandatory for the SCFA-MF-ETE solution module.

Theorem G-2

n . . . .
Assume g >0 for Vr e I1. Then, at the end of an iteration, a new basis matrix can be

13. This situation could happen if more than one commodity flow variables of & are generated and if the demand of =t is
carried over only a part of the generated paths. If link / is contained only in the generated commodity paths with no flow,
then the only (x, I) restoration path variable in the basis can be selected as a leaving variable. Even though it is a rela-
tively rare event, the situation has occasionally appeared in our experiments.
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arranged in the standard form given in Equation (F-1).

(proof)

Since q’t > 0, there is at least one basic commodity flow variable for each commodity. Thus
it is possible to choose a key column per commodity and to arrange the first set of columns.
Lemma G-1 ensures that at least one key restoration flow column can be kept in the basis.
Thus, it is possible to arrange the second set of columns. The third and fifth sets of columns
can be trivially arranged, while the arrangement of the fourth set of columns can be proved by

the same approach as in Lemma C-1.

(QE.D)

The following three Lemmas deal with the validity of the procedures employed in the master
process. Lemma G-3 proves that a shortest path algorithm and the proposed QSP algorithm can be
applied in the dual feasibility test. Lemma G-4 assures the invariability of the LU sub-matrices
after the row generation and deletion procedure. Finally, Lemma G-5 tells how to determine the

simplex multipliers corresponding to inactive (x, /) constraints.

Lemma G-3
At the end of the sub-process, the following two inequalities hold!4,

da+wn’13a— Z uiZO for Vae A
I'e E,

l
n,20 for Vae A, Vie E,

(proof)

>0 (Equation (E-

a

Obviously, the dual feasibility conditions, ui 20 and d_ - Z re E‘u
6)), hold for Vae A and Vie E , at the end of the sub-process. Thus, it suffices to show
w 12 0 to prove the Lemma. The same argument as in Lemma C-2 can be applied to show
wu'l =2 , pi >0 for all active (, [) rows, where p is the key restoration path for com-
modity 7 against a failure of link /. For non-generated (x, /) rows, wn’l is selected as
Za cp ui 20, where p is the shortest (x, ) restoration path with modified arc cost { ui }.

(QED.)

14. The first condition is necessary for our proposed QSP algorithm to function correctly. See Appendix Q for details.
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Lemma G-4

The row generation and deletion procedures in the master process do not change the value of

Z=1L . U in Equation (F-1).

(proof)

Suppose that the (x, [) row and its related key restoration flow variable, r;’ I, are generated
in the master process. r;[,’l is the only basic column vector with a non-zero entry in the (7, J)
row after the row generation. Therefore, no column vector of F*" = D" —R""C hasa
non-zero entry at the (x, [) row, where the superscript, new, in a sub-matrix indicates the sub-

matrix after the row generation.. Thus,

Y = M-H"™ . F"-4,.C=M-H" F"_4.c=1"

where the superscript, old, in a sub-matrix indicates the sub-matrix before the row generation.

Since there is no change in the sub-matrix K 3

ew ew ew _ old ld _ old
" =K, =Y K, Y =2 -

. . . =, |
Now suppose that the (%, [) row and its related key restoration flow variable, T, . are
. . % . .
removed in the master process. Again, rz is the only basic column vector with non-zero
entry in the (%, /) row before the row deletion, and the same argument as above can be applied

to derive Z"°" = Zozd.
(QED)

Lemma G-5

Suppose that the (r, /) row is not generated. Let p be the shortest restoration path for
commodity & against a failure of link / in the network with the arc cost { ula }. Then, the dual

feasibility condition (E-5) is guaranteed for all (x, /) restoration path variables if the simplex

i
a

)1

NS A )
multiplier w ' is selected as wh g

a€ p
(proaf)

Due to the structure of the column vector of the restoration variable, the simplex multiplier
. m, [ l . i .. .
.is givenby w’ = Z . M, for a certain path, p € RP™'.In addition, the value of ui is

aep

determined by the basis matrix B and independent of w" l. Thus, in order to satisfy the dual
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feasibility condition (E-5) for all (r, )) restoration path variables, p must be the shortest path in
G\ {I} with the arc cost {ui }.
(QED)

Finally, the following two theorems assure the validity of the proposed algorithm.

Theorem G-6

The proposed algorithm terminates in a finite number of iterations.

(proof)

Let Q be a set of all commodity flow columns and restoration flow columns, and let Q; be
the subset of Q containing all generated columns upon the k-th invocation of the sub-process.
Since the sub-process is guaranteed to produce the optimal value with the currently generated
columns, Oy, ; is different from Qy if the objective function value improves at the k-th itera-
tion. Since the objective function value will never increase, the subset Oy will not appear in a
later iteration. If there is no improvement, then the subset keeps growing, and thus it does not
return to a previous state. Since the number of subsets of @ is finite, the algorithm terminates

in a finite number of iterations.

(QED)

Theorem G-7

The proposed algorithm terminates with a globally optimal solution.

(proof)

When the algorithm terminates, dual feasibility is assured for all generated rows. Further-
more, Lemma G-5 guarantees dual feasibility for all non-generated rows. Since the solution is
also primally feasible, it is globally optimal [53].

(QED)
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Appehdix H. SVPR-MF-LINE: Problem formulation

The SVPR problem shares a common structure with the SCFA problem. A major difference
resides in the constraint c) where full restorability constraints are replaced by restoration flow con-
straints. The restoration flow constraints refer to restoring the affected flow over restoration paths.
If there is not enbugh spare bandwidth, a part of the affected bandwidth could be lost. In order to
accommodate this phenomenon, a lost flow variable ¢t = (¢ ,) (ae A) isintroduced in the for-
mulation of the SVPR problem. ¢, takes the amount of an unrecoverable flow of arc a due to a

failure of link ! (I/3a).

Now, the SVPR-MF-LINE problem is formulated as a large-scale linear programming as in the
SCFA-MF-LINE problem:

Given G = (V,A,¢) and Q, (SVPR-MF-LINE)
Minimize L-|E = 2 t
ae A
over - x20,r20,and t20
. T 1'!
subject to a) X, =9 Vrnell (H-1)
pe P"
b) f,+7.<c, Vae A,VicE, (H-2)
) ~fo+ Y, r,*1,=0 Vae4 (H-3)
pe RP’ :
T ! b
where f_ = z z Ga,P-xpandza= 2 2 Oa,p-rp
nenpept belpepr

The arc-chain flow representation is employed. The constraints (H-1), (H-2) and (H-3) corre-
spond to the flow conservation law, the capacity constraints and the restoration flow constraints,
respectively. In the SVPR problem, zi expresses the amount of total restoration flow over arc a
upon a failure of link /. The restoration flow constraints state that the amount of an unrecoverable

flow of arc a plus the sum of restoration flows for the arc is equal to the arc flow (the amount of a
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flow to be recovered). The dual formulation of the above problem is given by (SVPR-MF-LINE-

Dual).
Maximize Y ¢ 0"+ Y. ca-( Y uf,) (SVPR-MF-LINE-Dual)
rell . a€A le E,
over G, w , unrestricted, ui <0
subject to 1) Z (wa— Z ula)ZG" Vpe P vrenl (H-4)
aep le E,
. l3a a
i) Y (-p, ) 2w, Vpe RP",Vae A (H-5)
bep
i) w,<1 Vae A

The dual variables o™, ui and w, are the simplex multipliers corresponding to the constraints

(H-1), (H-2) and (H-3), respectively.

Appendix I. SVPR-MF-LINE: Solution approach

Due to the similarity in their formulations, the strategies developed for the SCFA-MF-LINE
problem can be applied to the SVPR-MF-LINE problem with a slight modification. The arc-chain
flow representation and the column generation approach are employed to reduce the size of con-
straints. The solution process is decomposed into the master process and the subprocess. Only a
part of commodity path flow variables x; and restoration path flow variables r: are generated.
The master process tests the global optimality by checking the conditions (H-4) and (H-5). A
shortest path algorithm can be applied for this test. In the subprocess, LU decomposition of the
basis matrix is calculated by exploiting the special structure of the matrix and is manipulated
through the direct LU update mechanism introduced in Section 3.2.2.. The following two state-
ments can be shown to be true at the end of all iterations of the subprocess if qn >0 for Vrne II:

1. For each commodity = € I, at least one commodity path flow variable, xz (pe P"),isin
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the basis.

P . . . . . a
2. Foreacharc a € A, it is possible to maintain at least one restoration path flow variable, T,

(pe RP®), or the corresponding lost flow variable, ¢ ,» in the basis.

Using this observation, the basis matrix B can be arranged in the following standard form at each

iteration, which can be readily decomposed into an LU form:

I C I I C
RI1 D R I I F
B= = : (I-1)
AjH 1 M|~ |A H T 1Y,
AyHy My |4, H, L )

where F = D-RC, Yi = Mi—AiC—HiF fori = 1,2 and Z=L.-0U = Y2.Theﬁrstsetofcol-
umns corresponds to the key commodity path flow variables, and the second set contains the key
restoration path flow variables or lost flow variables. The remaining commodity and restoration
path flow variables are collected into the last set, while the slack variables for the capacity con-
straints are arranged in the third set of columns. Note that all lost flow variables in the basis are
placed in the second set. All basic restoration path variables for arc a are arranged into the last set
if the corresponding lost flow variable ¢, is in the basis. The first set of rows corresponds to the
flow conservation laws, the second to the restoration flow constraints, and the last two represent

capacity constraints.

Figure I-1 illustrates the structure of the solution procedure. The structure is almost identical to
that for the SCFA-MF-LINE problem. A major difference resides in the initialization process.
Unlike the SCFA-MF-LINE problem, there is no obvious feasible solution satisfying the capacity
constraints. This issue can be circumvented by the two-phase approach of the simplex algorithm
with the introduction of artificial variables [54]. Details are given in Appendix R.1. In brief, the
initialization process takes the following steps:

1. Obtain a shortest route commodity flow. If it is feasible, go to Step 3.

2. Find an initial feasible solution by solving an LP problem with artificial variables.

3. Set all restoration flow variables as non-basic.

4. Calculate the amount of lost flow per each arc. Set all lost flow variables as basic and place

them in the second set of columns in Equation (I-1).
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Initialization process

1. Generate initial columns.

2. Obtain an initial feasible solution. ‘

P~ Master Process
OK

1. Test dual feasibility > DONE
2. If not satisfied, generate columns '

:

Sub-Process - Perform a revised simplex algorithm on generated columns

1. Calculate simplex multipliers.

2. Pricing-out operation: Select an entering variable. If there is no candidate, return.
3. Ratio test: Select a leaving variable so that a standard form can be maintained.

4. Update a basis and its LU factorization through a direct LU update. Go back to 1.

Figure I-1. Solution procedure for the SVPR-MF-LINE problem

Appendix J. SVPR-MF-LINE: Validity of the algorithm

The following Lemmas and Theorems assure the correctness of the proposed algorithm
described in the previous section. Since they can be proven based on the same arguments as those

in their counterpart in the SCFA-MF-LINE problem, the proof is omitted here.

Lemma J-1

Suppose that the only arc restoration flow or arc lost flow variable for arc a is selected as a
candidate for a leaving variable in the sub-process. Furthermore, suppose that an entering
variable is not an arc restoration flow or arc lost flow variable for arc a. Then, another

candidate can be alwaiys found for a leaving variable.
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Theorem J-2

Assume q’t >0 for Vn e IT. Then, at each iteration of the sub-process, it is possible to

select a leaving variable so that the standard form of the basis matrix B can be maintained.

Lemma J-3

At the end of sub-process, the following two statements are true:

i) No negative cycle exists in the network G with arc cost {w - 2 (19
le E,

ii) For Vle E, no negative arc exists in the network G\ {/} with arc cost {—ui} .

Appendix K. SVPR-MF-ETE: Problem formulation

The end-to-end restoration scheme recovers failed virtual paths between their source and desti-
nation nodes. Thus, a lost flow variable is defined for each combination of a commodity and a fail-
ure event. Let tn’l (reIl,le E) denote a lost flow variable which takes the amount of an
unrecoverable flow of commodity ® upon a failure of link /, and define a lost flow vector

t= (tn’ l) . Then, the SVPR-MF-ETE problem is formulated as follows:

Given G = (V,A,¢) and Q, (SVPR-MF-ETE)
Minimize L-|E = 2 2 ™!
le Ere Il
over x20,r20andt=>0
subject to a) 2 x; = q’t Vre Il . (K-1)
pe P"
bl) f,-r. +7z.<c, VaeAVieE, (K-2)
b2) f,<c, Vae A (K-3)
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'2 2 9a, 2 ’l=0VneH,VleE (K-4)

aelyep pe RP™'
. =
~ where f, = Z 2 Oa,p-xp
nell,e pm
1
za - 2 Z a:P p
neanRP
1 n
ra= 2 Z earlrp.xp
nell, e p"

The flow conservation law and the restoration flow constraints are expressed by Equations (K-1)
and (K-4), respectively. Unlike the previous formulations, two types of capacity constraints are
required: one in the event of a failure (Equation (K-2)) and the other under normal conditions
(Equation (K-3)). Since a restoration flow is additionally sent over the existing flow in the case of
line-restoration, the éapacity constraints in the event of a failure ensure the feasibility of a flow
under normal conditions. This is not true for end-to-end restoration since a part of working capac-
ity could be released at the time of a failure. If the amount of the released bandwidth at arc a ( ri)
is more than the amount of the total restoration flow over the arc (zi ) upon a failure of link /, then
Equation (K-2) does not imply Equation (K-3). Thus, Equation (K-3) is necessary. Corresponding
to this new constraint, an additional simplex multiplier must be introduced in the dual formulation.
Define i, as the dual variable corresponding to the constraint (K-3), and let uia = K, . Now the

dual formulation of the above problem is obtained as follows:

Maximize 3 g" 0"+ 3 ¢, ( X, Hi) (SVPR-MF-ETE-Dual)
nell aec A le E
over o', wn'l unrestricted, ui <0

subjectto ) Y [w"'2+ Y () - Y () [26" Vpe P Vre Nl (K-5)

le E
acp c Len
.. ) :
i) Y () 2w Vpe RP™.Vre ,Vie E (K-6)
acp .
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i) whl<1 Vre I, Vie E

Appendix L. SVPR-MF-ETE: Solution approach

The strategies developed to solve the SCFA-MF-ETE are applicable to the SVPR-MF-ETE
problem due to the common structures of the two problems: the arc-chain flow representation, the
column generation and deletion technique, the LU decomposition based on a special arrangement
of the basic variables, the direct LU update, and the row generation and deletion technique. The

standard basis matrix arrangement and its LU decomposition are given by:

I C I I C
B R I D R 1 I F (LI)
T A H IM| T A H I Iy,
AH, M A, H L i

(54

2 2 2 %72

where F = D-RC, Yi = Ml.—At.C—H‘.F fori =12 and Z=L -0 = Y2. The structure of
the basis matrix is equivalent to that for the SVPR-MF-LINE problem, although each submatrix
has different components. Furthermore, the size of the second row and column grows explosively
in the SVPR-MF-ETE problem. The following observation allows the basis matrix to be arranged
in a standard form. Assume q’t >0 for Vr € IT. Then at the end of any iteration of the subprocess,
1. atleast one commodity path flow variable, x;; (pe P" ), is in the basis for each commodity
e I, and
2. itis possible to maintain at least one restoration path flow variable, r::’ ! (pe RP™ l), or the

n’

corresponding lost flow variable, ¢
le E.

, in the basis, for each combination of e Il and

Figure L-1 depicts the structure of the solution procedure for the SVPR-MF-ETE problem. In
the master process, a dual feasibility test is conducted through a shortest path algorithm (Equation
(K-5)) or the quadratic shortest path algorithm (Equation (K-6)) described in Appendix Q. An ini-
tial feasible solution can be obtained in the same manner as in the SVPR-MF-LINE problem.

Refer to Appendix R.2 for details.
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Initialization process
1. Generate initial columns and rows. ~ DONE
9. Obtain an initial feasible solution. A

l

—p»| Master Process - Check global optimality

1. If the objective function value improves during the previous sub-process,
a) Remove all flow variables which stay out of the basis for a long period.
b) Remove inactive restoration flow constraints (rows).

Calculate simplex multipliers for all constraints.

Check x,-related dual feasibility. Generate columns/rows if necessary.
Check r,-related dual feasibility. Generate columns if necessary.

If no column is generated, then return.

:

Sub-Process - Perform a revised simplex algorithm on generated columns/rows

Al

1. Calculate simplex multipliers for currently generated constraints.

2. Pricing-out operation. Select an entering variable. If there is no candidate, return.
3. Ratio test. Select a leaving variable so that a standard form can be maintained.

4. Update a basis and its LU factorization through a direct LU update. Go back to 1.

Figure L-1. Solution procedure for the SVPR-MF-ETE problem

Appendix M. SVPR-MF-ETE: Validity of the algorithm

The arguments developed for the SCFA-MF-ETE problems as well as the SVPR-MF-LINE
problem can also be applied to verify the proposed algorithm. This section lists related Lemmas

and Theorems for the sake of completeness.
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Lemma M-1

Consider an active (7, [) constraint. Suppose that the only (=, /) related variable (restoration
path variable or lost flow variable) in the basis is selected as a leaving variable at some point
in the sub-process. Furthermore, suppose that an entering variable is not a (%, I) related

variable. Then, we can always find another candidate for a leaving variable.

Theorem M-2

Assume qn >0 for Vr e IT. Then, at the end of an iteration a new basis matrix can be

arranged in the standard form given in Equation (L-1).

Lemma M-3

At the end of the sub-process, the following two inequalities hold.

w"”’“-ui’“zo for Vae A

n.<0 for Vae 4, Vie E,

Lemma M-4

The row generation and deletion procedures in the master process do not change the value of
Z=L-Uin Equation (L-1).

Lemma M-5

Suppose that the (r, /) row is not generated. Let p be the shortest restoration path for
commodity 7t against a failure of link / in the network with the arc cost {—ui }. Then, the
dual feasibility condition (K-6) is guaranteed for all (r, I) restoration path variables if the

. , 1 l
is selected as w"* = —z no.
aep

simplex multiplier w" .

Theorem M-6

The proposed algorithm terminates in a finite number of iterations.
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Theorem M-7

The proposed algorithm terminates with a globally optimal solution.

Appendix N. SVPR-KSP-LINE: Problem formulation

Different problem formulations can lead to different solution procedures. We consider two for-
mulations which differ in the way they accommodate restoration flow constraints. The first formu-

lation (SVPR-KSP-LINEI) embeds such constraints into an objective function.

Given G = (V,A¢) and 0O, (SVPR-KSP-LINE1)
Minimize  L(f) = I'Ilfl 3 L®) (N-1)
le E
over £20 (N-2)
subjectto &) > 0, ., fy=7,°¢  VEeILVveV (N-3)
ae A '
b) fo= 3, faSc, VacA (N-4)
nell
1 (if arc a leaves node v)
where ¢V’ a = {—l (if arc a enters node v)
0 _ (otherwise)
1 (if v is an originating node of commodity )
nf = {—1 (if v is a destination node of commodity )
0. (otherwise)

Equations (N-3) and (N-4) embody the flow conservation law and the capacity constraints, respec-
tively. The arc-node flow representation [9] is employed on the commodity flow. f: takes the
amount of flow for commodity T over arc a. L (f) gives an expected lost flow, while L, (f) isa
lost flow due to a failure of link /. Based on the above formulation, the problem becomes a non-lin-

ear, non-smooth multicommodity flow problem with linear constraints.



In the calculation of an expected lost flow, we assume that it is pos'sible to find a subset of
affected virtual paths which completely fill up the bandwidth of a discovered restoration route.
Since each link (i.e. Gbps - Tbps capacity for optical fiber) is shared among a number of commod- .
ities and each commodity is supposed to involve a large number of virtual paths, a single link will
be shared by a significant number of virtual paths. This means that the bandwidth of a virtual path
will be considerably smaller than a link bandwidth and the spare bandwidth over a restoration
route. Therefore, even though any subset of virtual paths may not actually fit into the bandwidth of
a restoration route, such a gap should be small, and the formulation based on this assumption

would give a good approximation of the problem.

Now, L, (f) is computed as follows: Consider a restoration process upon a failure of link /. Sup-
pose that link / consists of two directed arcs, a and b, and assume that the restoration for each arc is
processed in parallel. Let Cél g (f) denote the residual capacity of arc B € A\{q, b} after the
link restoration using the first k restoration routes for arcs a and b. It is given by the following

recursive formula:

Lo _
g® = Vo it Be RPY L RP Y
L k- . ,
= C[g D _r:P(a,k) @) ifBe RP™Y forsome ae {a,b}
where RP (o k) is a set of directed arcs which are contained in the k-th shortest restoration route

ofarc aoe {a, b} . Note that since a link is assumed to be bidirectional, the k-th shortest restora-
tion routes for arcs a and b pass through the same links but in opposite directions. Thus,
R P(a, k)

restoration route. It is given by

bk .
ARPPH - o rZP(ug » (£) is a restorable amount of flow of arc o € I over the k-th

k-1
e ) = min[fa- Y ropn @, min {85757V (8):p € R ">}J (N-5)
t=1

o . . . .

Namely, T pp@h (f) is calculated as the minimum of (a), the amount of flow which cannot be
recovered over the first k— 1 restoration routes, and (b), the restorable amount of flow over the k-
th restoration route. The latter, (b), is equal to the minimum residual arc capacity over the route.

Then, the total amount of restorable flow of arc o € I, RS T, (f) , is obtained by
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[0
RST (f) = ), Tppen @
ke RP

where RP? is a set of restoration routes for arc o. Finally, L,(f) is computed by

L) = (f,~RST,(£)) + (f,—RST,(f)) (N-6)

The second formulation (SVPR-KSP-LINE2) describes the restoration flow constraints with the
aid of the restoration path variables and the lost flow variables. This leads to a similar formulation
to the SVPR-MF-LINE problem, but additional constraints are reqﬁired in order to express the
relationship given by (N-5). We call such constraints the KSP constraints. Although this formula-

tion can eliminate the non-smoothness from the objective function, the constraint set becomes

non-convex.
Given G = (V,A,¢) and Q, (SVPR-KSP-LINE2)
Minimize  L-|El = ) ¢,
ac A
over X = (x:) 20,r = (r:P(,,',‘)) 0,and t = (1) 20
subjectto a) x2 = qn Vre Il (N-7)
DE P"
b f,+z.<c, Vae A, VIcE, (N-8)
O ~f+ Y r;P(,,,k)ua =0 VacA (N-9)
ke [RP%]
! il (k-1 k
ae o a Lk—1), (a, k)
d) rRP(a,k) = mm{fa— .zerP(a,ip {CRP;a,k) the [RP ]}}
. 1=
Vae A, Vke [RP%] (N-10)
where f = z z Gap x:
TeE Hpe P"
l —
2, = 2 Rp®O TppBo> and
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C(l={a»b}’k_l) =c _f
RP RPE® J RpEM

k-1 .
a
- 0 p'r an t 8 a, nT i )
21( RP{“P, RP“) "RP@ T "RpP pp®D T pp®h
i=

The first thfee constraints (flow conservation law (N-7), capacity constraints (N-8) and restora-
tion flow constraints (N-9)) are almost the same as those for the SVPR-MF-LINE problem, except
that the restoration paths are restricted due to a hop limit (see Section 2.1.2)15. RP ,Ea’ % denotes
the A-th arc in the k-th restoration path for arc @, and [X] = {1, ..., |X|} . As before, Cél’ “ gives
the residual capacity of arc [} after restoration using the first k restoration paths upon a failure of
link /. The KSP constraints are given by Equation (N-10). Each KSP constraint can be replaced by

the following two inequalities:

k-1
ael . a (Lk-1) (a, k)
rRP(a,k) Smm{fa" 'zerP(a,i)’ {CRP’sa,k) :he [RP 1 }} (N-11)
i=
k-1
P enzming f- 32 et Ve rPP Y (N-12)
RP“P a RP™Y tPgpplab

i=1

Note that Equation (N-11) is satisfied by constraints (N-8) and (N-9), and thus it is unnecessary.

-

Appendix O. SVPR-KSP-LINE: Solution approach - Modified
flow deviation (MFD) method

The SVPR-KSP-LINE problem based on the first formulation (SVPR-KSP-LINE]1) is a non-lin-
ear (non-smooth) programming problem with linear constraints. Such a problem can be addressed
by an iterative method where a neW feasible flow is found at each iteration, and the value of the
objective function monotonically decreases. In order to maintain the feasibility, not only must a

flow be a legal multicommodity flow!® [9], but also the capacity constraints (N-4) must be

15. Thus, the first three constraints are same as the constraints for the SVPR-MF-LINE problem with an RP option.
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checked at each iteration. The method also needs to find an initial feasible flow, which may be
obtained through a linear programming algorithm. Instead of solving the above problem directly,
we relax the capacity constraints as in [28]. If the total flow of each link is allowed to exceed its
capacity, the capacify constraints can be removed from the formulation, and the iterative procedure
is greatly simplified. Moreover, an initial solution is now obtained through a shortest path algo-
rithm which is less computationally intensive than a linear programming approach especially for a

large network.

Let Q 4 = {f:fisa multicommodity flow (f satisfies (N-2) and (N-3))} and Q B = Q Xa {f:
f satisfies (N-4)}. The removal of the capacity constraints means expanding a feasible region from
Qg to Q. Then, in order to avoid the convergence at a point in Q ,\Qp, it is necessary that all
local minima reside in 5. This is accomplished by introducing a penalty function and modifying
the definition of L as follows:

e l .
L*® = g IGZEL’* ® | (0-1)

where

LF® =L +o- Y max{0,f,-c.}

ac A

Thus, if there is an arc @ € A where the capacity constraint is violated, the excess flow f —c, is

treated as a big lost flow by adding ©- (f, - c,) toL(f) forallle E.

The following Lemma gives a sufficient condition on the multiplier, ®, in order to guarantee the
non-existence of local minima outside Q. This suggests that, if an iterative method can always
find a feasible descent direction, it can eventually find a point in Qp with a lower value of L',

even if it starts from a point in £2,\Qp.

Lemma O-1

Suppose ® > |A| and Q# . Then, L* (f) has no local minima in Q \Qp.

(Proof)

16. In the minimum-cost multicommodity flow problems, a multicommodity flow is defined to be a flow satisfying the
flow conservation law (N-3) and the non-negativity constraints (N-2) [9].
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Letfe Q,\Qp andlet A'(A'c A) be a set of the arcs whose flow exceeds the capacity in
f. Then, foran arc a € A' there is an !n -incrementing path [16], P_, from j  to k, for some
commodity 1t € IT, where a = ( ja, ka) . OtherWise, the excess flow e, = f 4~ €, cannot be
rerouted, contradicting the assumption Q # . Let FWD , be asetof the forwarding arcs
along P, and RVS, be a set of the reverse arcs along P,. Define
i(P)=min{iy | be P;} wherei, = c,~f,ifbe FWD, and i, = f;: if be RVS,.
T

Let € = min{e,

decreasing f: and f: (Vbe RVS)) by € and increasing f: (Vbe FWD,) by €. Appar-

,i(P)} >0 and f* be the new flow which is obtained from f by

ently, f* € Q , . Note that the restorable flow against a failure of link / € E may be reduced by

the increase of a flow in the forwarding arcs, namely at most by |F WD a| -e< (JAl-1) €.

Let Epyp = {l€ E |(a;€ FWD_) U (ay€ FWD,),I= {a;,a,}} . Then, for a link
le Epy, , wWehave '

LF (%) SLF (D) -0+ (14]-1) - (0-2)

For a link / € Ey,, , the increased amount of the flow in the forwarding arc may not be
a

restored either. Thus,
L) <L) -w-e+ (JAl-1) -e+¢ (0-3)

Note that the link containing the arc a is notin Ey,, and thus,

a

|[Erwp,| <1El (0-4)

Using the Equations (O-1) (0O-2) (Q-3) (O-4) and the relation ® = |A|, we can derive
L* (£*) S L*(f) —€- (|E| - |EFWD I) /|El < L* (f)

This implies that there always exists a feasible descent direction at f if f € Q ,\Qp . There-

fore, L* (f) has no local minima outside Q B

(QED)

Note that although the above proof assumes w, = 1/|E|, any arbitrary weight on the failure events

will produce the same result.

In summary, the survivable virtual path routing (SVPR-KSP-LINE1) problem is reformulated
as follows, which we call the relaxed SVPR-KSP-LINE (RSVPR-KSP-LINE) problem:
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Minimize L*(f) = |_119_| . 2 L*(f) (RSVPR-KSP-LINE)
le E

over £20

subject to flow conservation law (N-3).

Flow deviation method [22] [26] is an efficient algorithm for nonlinear multicommodity flow
problems with convex constraint sets [13]. In order to calculate a search direction of the next itera-
tion, the partial derivatives of the objective function are evaluated at the convergence point of each
iteration. In the RSVPR-KSP-LINE problem, however, its objective function, L*, is not differen-
tiable everywhere. Although a descent direction at f could be obtained if the objective function is
differentiable at f, it is plausible that L* is not differentiable at the convergence point of each iter-
ation. This is because L* is a piece-wise linear function, and a non-smooth point (kink) of sucha
function gives the lowest value in the search direction. Thus, the flow deviation method cannot be

applied to the RSVPR-KSP-LINE problem directly.

An alternative way to find a feasible descent direction is to minimize the directional derivative
over all feasible directions. Since any feasible direction at f can be expressed by v —f for some
ve Q,\{f}, the problem is formulated as a minimization of DD (y,f) over ye Q,\{f},
where DD (v, f) is the directional derivative of L* (f) along y—f. Due to non-smoothness of

" L*, however, the directional derivative cannot be calculated just through a gradient. In order to
overcome the difficulty, the following approximation, DD* (y,f), is employed instead of
DD (v,f):

DD* (v,1) = g*(f) *

where g* () = [g*(D)] (je 4)

+

g (v~ f;>0)

gj*(t) = .
gj(.t..) (iij—fj<0)

gj(g) = lim {L*(f+h-e)-L*(£)}/h and
h>0"
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g;(f)= lim {L*(f+h-e)-L*(D)}/h
h>0
where e, is a unit vector with the i-th component equal to one. Note that DD* (v, f) is a direc-

tional derivative of a piece-wise linear approximation of L* using one-sided partial derivatives,

g; (f) and g; (f) .

Now, the problem is to minimize DD* (y,f) over ye € ,\{f} . Consider applying the flow
deviation method for this new minimization problem. Again, the objective function DD* (y, f) is
not differentiable everywhere. However, the only non-differentiable region is
A= {y |vi = fi (3ie A)} . The partial derivative of DD* (v,f) (except at the points in A)
can be obtained as

. (p 2Er W0 =] 0= f)
2 ppr(y) = L0 2 )

9, /2<vj-f,.)2_ (Z ;=) 2)3/2
J J

~ When v;— f; = 0, we heuristically define g* = (g:+g;) /2 in Equation (O-5) in order to

(0-5)

compute the partial derivative. According to our numerical experimentations, v;—f; = 0 seldom

happens during the iterations.

DD* (v, f) is not convex nor concave, so the flow deviation method gives only a stationary
point of DD* (v, £) . With a good initial point y°, however, it has a good chance of converging to
a near-optimal point. If L* is differentiable at f, it is known that v-f gives a feasible descent
direction [22] where vy is a shortest route flow obtained under the metric {dL*/9 f;} , which is
equal to g: =g = (gi+ +g,) /2. Although L* is not usually differentiable at the convergence
point of each iteration, v - f would give a good approximation to a descent direction if v0 is a
shortest route flow under the metric { ( g: + g;) /2} . Therefore, using the v0 as a starting point,
the method could at least reach a local minimum with a negative directional derivative and possi-

bly reach the minimum of DD* (v, f) .

The proposed algorithm is summarized as follows, which we call the modified flow deviation
(MFD) method:




Procedure SVPR-KSP-LINE-MFD()
0. Find a feasible startiné point fo €Q,. 1'0 can be a shortest route flow if no apparent feasi-
ble solution is available. Let n = 0. ’
1. Through the following procedures, obtain y" such that y* - 1‘" would be the steepest
descent direction.
a) Find a feasible starting flow Y0 #£" in Q 4 - Y0 is a shortest route flow under the metric
{(g; +8)/2} .Letm = 0. _
b) Obtain w™ as a shortest route flow taking {dDD* (ym, f") / 8vi} as an arc length.
0 yrtl= (1-p")ymeptwn
where 1" is the minimizer of DD* ((1-p™)y" +p"w" ), f") (0<p™<1).
d) I DD* (v ") - DD* (v" 1, ") <8, then v = ¥ and go to Step 2. Otherwise,
let m=m+1 and go back to Step 1-b).
2. £ = (-
where A" is the minimizer of L* ((1 -A")f" +A"y") (0<A"<1).
3. LAY = 0or (x (Y L (£" !
and go back to Step 1.

))/L* (1‘") < g, then stop. Otherwise, let n=n+1

The MFD method involves two iterative procedures, outer iteration (Step 1~3) and inner iteration
(Step 1-b~d). The inner iteration seeks the steepest descent direction at each loop of the outer iter-
ation. Using the result of the inner iteration, the outer iteration proceeds towards a minimum point.

A golden section search method [54] is used to implement the line search in Step 1-c) and Step 2).
Implementation Issues

Since L* (f) and g* (f) have no closed form solutions, they can be calculated only numeri-
cally. The calculation of L;* (f) involves repeated application of the shortest path algorithm to
find the successively shortest restoration routes over the residual network. Assuming the Dijkstra’s
algorithm with binary heap [14], it requires O (A2logV) time in the worst case since‘at least one
arc is removed from the residual network at each application of the shortest path algorithm. Then,
the total running time for L* (f) and g* (f) goesupto O (A3logV) and O (A%ogV) , respec-
tively. Although their complexities are polynomial, they slow down the algorithm considerably
since these operations are invoked at every outer iteration. In order to reduce the computational
time, a precalculated table of the restoration routes is used in our implementation. Although the

size of such a table grows exponentially as the size of the network increases, our preliminary study
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shows that it is enough to consider the first 30 shortest restoration routes to obtain a very close
approximation of L* (f) . This strategy reduces the computational éomplexities of L* (f) and
g*(f) downto O (A) and O (A2), respectively. Table 0-1 shows required CPU time for the
MFD method. The same test conditions as those used in the SVPR-MF problems are employed in
this experiment. The result indicates that the MFD method takes very short time and is applicable
to a network with rapidly changing traffic demand patterns.

The MFD method employs several optimization parameters. Using two sample networks, we
have examined the relationship of the optimization parameter values to the performance of the
algorithm. Tens of demand patterns have been examined for each model to see the behavior of the
algorithm in a lightly loaded situation as well as a heavily loaded case. Some are uniformly distrib-

uted and some are randomly distributed.

There are three parameters which might affect the performance of the algorithm: the stopping
~ conditions, € and 8, and the step size, h. The stopping conditions are employed in the termination
tests in the outer and inner iterations, while the step size is used to numerically calculate the partial
derivatives, gi* (f) . It has been found that the stopping condition € does not have much to do with
the performance of the algorithm as long as it is sufﬁciently small. Furthermore, when the load is
light, the selection of the parameters does not make significant difference in the convergence speed
as long as they are reasonably small. Since the optimal solution set is not a singleton in this case,
the procedure can find some point in the set rather easily regardless of the parameter values. In
general, the convergence point depends on the choice of the parameters, but this is not a problem

from the survivability point of view, since a minimum expected lost flow is attained.

In a heavily loaded situation, however, the convergence speed greatly depends on the selection
of the two parameters, 4 and §. Figure 0-1 illustrates typical transitions of L* over iterations for

various values of h and 8. The results on the NJ-LATA and US-WAN sample networks are

Table 0-1. Required CPU time for the MFD method

NI- US-
Network Model LATA (12,50) | (24,60) WAN
100% RNL with 30 random variations 1.96s | 5.82s 2.53s 17.6 s
102.5% RNL with no variation 205s | 9.53s 114s 46.2 s
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reported. The latter case has a heavier offered load than ‘the former. Three curves are plotted for
each case representing small (case 1), medium (case 2) and relatively large (case 3) values of h.
Two additional curves are depicted for different values of 3. Note that the following discussion on
the convergence is a generalization of the results of many experiments with different traffic pat-

terns. There is no definite rule, and the convergence pattern is different in each case.

Generally speaking, a smaller step size, b, is thought to be desirable since it gives a more precise
approximation of the partial derivatives, and this is the case when the load is not so heavy. In a
heavily loaded situation, however, the procedure often stops prematurely after a sharp decrease in
the ﬁrst few iterations (Figure 0-1-a: case 1). This phenomenon becomes more prominent when the
load is too heavy (Figure 0-1-b). The premature convergence is due to a lack of global iriformation
on the change of L* . A search direction obtained through a smaller step size might be descent only
in the neighborhood around f . This area is usually small for heavily loaded networks since a small
flow change at one link can readily affect the restorability of some other links. Since the minimum
point along the search direction often falls near f, enough progress cannot be made at each itera-
tion. As a result, a decrease of L* is too small to pass the termination test, and premature termina-

tion follows.

gas [ -szu A———d»\  (Case 1) h=0.0001, 5=0.01%
< N - ssasn (Case 2) h = 0.005, 5=0.01%
- aal O——& (Gase 1)h=0.0001, 5=0.01% " (Ca:e ANo01, 520.01%
. meeee §8§§2 "3’; h = 0005, S-0.0v% 3 st | -.--- {Case3)h=0.1, 0.1%
Sl | ----- (Case 2) h = 0,005, 5=0.1% 8 — — [(Cesedin=01, &10%
o —— === (Case?2)h=0.005, 5=1.0% [N
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(a) NJ-LATA Sample Network (b) US-WAN Sample Network

Figure 0-1. Typical transition of L* over iterations
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Furthermore, the accuracy of the linear approximation_ of a nonsmooth function might degrade in
a heavy load, since lots of turning points (kinks) are expected to exist in a small region. It is well-
known that the steepest descent method could fail around a kink if it is applied to a non-smooth
optimization [49]. This is because the linear approximation based on a gradient may not be able to
take into account a large change in the objective function value at a non-smooth point, even if the
point is located in the neighborhood (see Figure 0-2). Premature convergence with a smaller 4 is

also explained by this inaccuracy of the linear approximation.

A larger step size is generally considered undesirable since it may mislead to a false search
direction due to a possible error in obtaining derivatives. In fact, the procedure converges very
slowly as shown in Figure 0-1. However, as the load grows, only a relatively large h can approach
an optimal point (Figure 0-1-b). Since the next direction is obtained by seeking a broader range
around £, the minimum point along the search direction tends to reside away from f . Namely, the
procedure can find a longer descent slope, although it might not be the steepest descent direction at
f . Consequently, it usually produces sufficient decrease to prevent premature convergence even in
a heavily loaded network, although the attained improvement rate might be low. In other words,
the linear approximation of L* with a large step size is not precise locally but gives a global view.
This approximation works well in heavily loaded situations since the effect of dense non-smooth
points is smoothed out over a relatively large neighborhood. Premature convergence at a kink can -
be avoided as shown in the example of Figure 0-2-b. In addition, a search direction obtained
through a larger step size might find a direction with a very long downhill, and this results in an

occasional large reduction of L* .

In summary, the best choice of step size greatly depends on the traffic load. A small A gives the
best result in a lightly loaded case, while with a heavy load it shows a quick decrease but results in
a premature convergence. Thus, a larger step size is required as the load grows, but it should not be
unnecessarily large in order to avoid longer iterations (see Figure 0-1-a). Since load information is
not usually obtainable before starting the procedure, it is very hard to choose a single step size to
give the best result. One possible guideline is to change the value over the iterations. The proce-
dure starts with a smaller step size to achieve fast convergence for a lightly loaded case or to
induce a quick decrease of L* . Then, it gradually increases the step size to obtain a better solution
for a heavily loaded case. Based on the experiments, this strategy generally works well, although

in some cases more iterations are required.
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The stopping condition, 3, influences not only the required number of inner iterations but also
that of outer iterations. Obviously, a smaller number of inner iterations are necessary for a larger 3. |
On the other hand, a smaller 3 requires fewer outer iterations since a steeper downhill could be
found at each iteration. Considering the fact that the outer iteration is more computationally
expensive than the inner iteration, it is better to use a smaller value for 8. Furthermore, a large &
may cause premature convergence since the minimization process of DD* can terminate before
finding a descending direction. The value of 3, however, should not be unnecessarily small. The
objective function of the inner iteration is just an approximation. Fine tuning on such a function
might not always lead to a better solution unless the approximation is very precise. In fact, a
smaller & occasionally fails to find a better direction. In the example shown in Figure 0-1-a, the
curve with §=0.01 shows slower improvement than that with 8=0.1 at the early stage of the itera-

tions. According to our experiments,  less than 0.1% usually works well.

L*

(a) MFD with a small step size (b) MFD with a large step size

Figure 0-2. Avoidance of premature convergence around a kink

With a small A, the MFD procedure may stall at a kink c if started from point a or b (Figure (a)). This
is because a linear approximation by a small 4 around point ¢ cannot take into account a large change
of the objective function value at d. On the other hand, the procedure can get out of the kink with a
large h, by one step from a, or by two steps from b (Figure b).
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Appendix P. SVPR-KSP-LINE: Solution approach -

Lagrangian relaxation method

As will be discussed in Section 4.4.4., the MFD method can find a near-optimal point when the
network load is not heavy. Considering the speed of the solution procedure, the proposed algo-
rithm is very practical. However, the optimality degrades as the load grows further. Premature con-
vergence around a kink causes this problem, and a larger step size could avoid the problem as
discussed above. Since more non-smooth points are introduced at a higher load, however, prema-

ture convergence becomes inevitable even with a large k, causing the degradation in optimality.

The second formulation (SVPR-KSP-LINE2) can eliminate the non-smoothness from the objec-
tive function. Thus, it is expected to reach a better solution at a higher load. However, the KSP
constraints (N-10) are too complicated to be tackled directly. In order to overcome the difficulties,
we apply the Lagrangian relaxation method. By dualizing complicated constraints, a Lagrangian
relaxation method could simplify the solution procedure (see Appendix S for details). The tech-
nique would also provide a way to find a tighter lower bound which is useful in evaluating the pro-
posed heuristics. A major disadvantage of this approach is that it would require considerably more

computation time due to the increased number of constraints.

The Lagrangian relaxation technique seeks a better solution by iteratively solving a Lagrangian
subproblem and a Lagrangian dual problem. The problem structure heavily depends on the choice
of a constraint set to be relaxed. Out of several possible options, we relax only the KSP con-
straints. There are several advantages in this choice. First of all, this has led to the best solution in
terms of optimality based on our preliminary experiments. Secondly, a primally feasible solution
can be readily found since the commodity flow acquired in the Lagrangian subproblem is also pri-
mally feasible!”. Finally, a similar solution procedure to the SVPR-MF-LINE problem can be
- adopted by relaxing the KSP constraints (Equation (N-12)). |

For a given multiplier p = ( P, i) 20, define a Lagrangian function 3 0 (x,r,t) as:

17. A Lagrangian relaxation method requires a mechanism to find a primally feasible solution since it generally pro-
duces only a dually feasible solution. If a feasible commodity flow is at hand, then a feasible restoration flow and a fea-
sible lost flow can be readily computed through Equations (N-9) and (N-10).
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P, ; is a Lagrangian multiplier corresponding to the constraint KSP(a’ 5 where KSP @k 5
the KSP constraint for arc a and the k-th restoration path of the arc. Now, a Lagrangian subprob-

lem can be defined as follows:

Minimize 3, (x5t (SVPR-KSP-LINE-LAG)
over X, rt=>0
subject to a) 2 xﬁ =q" Vre I (P-1)
pe P"
b f,+z.<c, Vae A, VIcE, (P-2)
a
Q) ~fa+ Y, ropn ¥y =0 Vae A (P-3)
ke [RP"]

Let 3 (p) be the solution to the above minimization problem. Namely,
S(p) = min{3, (x5, 8): (P-1), (P-2) and (P-3)}

Now the Lagrangian dual problem is stated as the following optimization problem:

Maximize 3(p) (SVPR-KSP-LINE-LAG-DUAL)

Ot

over

O
v
]

subject to

By weak duality [4], min {L - |E|} 2max {3 (p):p =0} . The subgradient method described

in Appendix S.2 is employed to update the multipliers which could give a tighter lower bound.
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Now it can be easily shown that the multiplier is monotonically non-decreasing. Thus, p should
be initialized to 0 so that a multiplier could reach any value in its domain. In brief, the proposed

solution procedure takes the following steps:

procedure SVPR-KSP-LINE-LAG() (brief description)

0. Setp =0. v

1. Solve the Lagrangian subproblem (SVPR-KSP-LINE-LAG).

2. Based on the feasible commodity flow assignment x obtained in Step 1, calculate a feasible
restoration flow r and a lost flow t through Equations (N-9) and (N-10).
Perform a termination test.

4. Solve the Lagrangian dual problem (SVPR-KSP-LINE-LAG-DUAL) by the 'subgradient
method. Update the Lagrangian multiplier p . Go to Step 1.

The above procedure can be interpreted as follows: The solution of the Lagrangian subproblem
at the first iteration is same as the optimum of the SVPR-MF-LINE problem with an RP option
since p = 0. Due to the difference of the restoration protocols, the optimum of the SVPR-KSP-
LINE problem would be somewhat different from this initial solution. Thus, starting from the
solution to the MF-LINE-based network, the algorithm attempts to adjust a commodity flow to
accommodate this difference. From the viewpoint of the problem formulation, this difference
comes from the KSP constraints. Now, if a constraint KSP (.8 is violated, the subgradient
method increases the value of p ak in proportion to the degree of the violation. In other words, a
penalty is imposed on violated KSP constraints in the Lagrangian subproblem and is applied in the
next iteration. With the aid of this penalty (Lagrangian multiplier), the algorithm updates a flow
towards the optimum for the KSP-based network. The penalty is refined over iterations, and the
procedure SVPR-KSP-LINE-LAG would eventually find a near-optimal solution to the SVPR-
KSP-LINE problem.

Now consider the Lagrangian subproblem (SVPR-KSP-LINE-LAG). First of all, define
Sp (%,5.t,y) asfollows:
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where RZ =F_ + RZ Now, let 3 (p, y) denote the minimum of Sp (.1, t,y) forgiveny and
p- Then, S (P, y) can be obtained by solving the following optimization problem (SVPR-KSP-
LINE-LAG?2):

Minimize IR WY R;- r pan+C  (SVPR-KSP-LINE-LAG2)

ae A a€ Ap¢ [RP]
over xrt20
. T T
subject to a) 2 =4 Vrne Il
€ T
b) f,+z.<c, Vae A, VieE,

» a
) —f,+ Y ropantl,=0 VaeA

Maximize Ya-a+ Y ( 3w ) (SVPR-KSP-LINE-LAG2-DUAL)
le E,

nell ac A
n . l<
over G , w, unrestricted, 250
. . )
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W) Y w trw, <R Vke [RP"],Vae A
be RP“V
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iii) w,<F,  Vaea

The (SVPR-KSP-LINE-LAG2-DUAL) shows the dual formulation. Due to the similarity of
their problem structures, the above problem can be approached in a similar fashion to the SVPR-
MF-LINE problem with an RP option. The pricing-out operation and dual feasibility test must be

slightly modified according to the changes in the dual constraints.

Let KSPh denote the h-th term!3 in the argument of the min function in the constraint
ksp®P r

lowing inequality holds:

he {0,1,..., lRP(a' k)l} ) (refer to Equation (N-10)). Now, suppose that the fol-

K Vh e h*
KSP,  <KSP,

Let the indicator variables yZ ; take the following values on such an occasion:
h=h* h#h*
Yok = 1 andya’k =0
Then, apparently 3 0 x Lty = Sp (x, 1, t) . Therefore, the following minimization problem

solves the Lagrangian subproblem:

Minimize 3 (p,y) (SVPR-KSP-LINE-LAG3)
over Z
subjectto  y. , = 1 if hsatisfies KSP"  <KSP. )"
h 0 otherwi
Yo r = O otherwise.

A local minimum for the above minimization problem can be found by the procedure, SVPR-
KSP-LINE-LAG-local.

18. It is assumed to be counted from zero.
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procedure SVPR-KSP-LINE-LAG-local( y)

1. Foragiveny, obtain 3 (p, y) by solving the problem (SVPR-KSP-LINE-LAG2).
2. For all KSP constraints KSP‘*®) with p_ >0, check if KSP! <KSP.;" with
ye = 1.If true, go to Step 4.
Update y so that the above condition is met. Go to Step 1.
4. If there is i#h with KSPZ, k= KSP; p and y: ¢ = 1 for some constraint KSP(a’, 2
with Par> 0, then check if y;’ x = 1 won’t reduce the objective function value. If the
value decreases, update y and go to Step 2.

5. Return with the minimum value and the corresponding value of y and x.

Note that at each iteration, the objective function value always improves since P, >0 and
Jizh h : : : : o
KSP a' < KSPa k- Therefore, the algorithm terminates with a finite number of iterations since

the combination of y is finite.

The minimum calculated in the above manner is a local minimum and is not guaranteed to be a
global one!®. Therefore, the obtained solution is not assured to be a lower bound of the optimum of
the SVPR-KSP-LINE problem. Although a global optimum may not be acquired in general, a ran-
dom search technique of the global optimization can be applied to find an estimate of a lower
bound [77]. For a given multiplier, the technique randomly selects multiple starting points y and
obtains multiple local minima. By increasing the number of sample points, the lowest value among
the local minima would converge to a global minimum in a probabilistic sense [77]. The procedure

SVPR-KSP-LINE-LAG-global embodies this random search technique:

procedure SVPR-KSP-LINE-LAG-global(bestLBD,bestUBD)

The arguments bestLBD and bestUBD contain the best lower and upper bounds ever found.
0. Setj=1and LBD = .
Randomly generate y.
2. Call SVPR-KSP-LINE-LAG-local( y). Obtain a local minimum, Lmin;, a corresponding
commodity flow assignment X, and an updated y - IfLBD> Lmin;, then set LBD = Lmin;.
3. Obtain an expected lost flow, UBDj, based on x via Equation (N-1). If bestUBD > UBD,,
then set bestUBD = UBD;.

19. Since the Lagrangian subproblem (SVPR-KSP-LINE-LAG) is a concave minimization problem with a convex con-
straint set, it can yield many local minima at its extreme points.
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4. Perform termination test.
a) If j <Min_Global_lter, then j « j+1 and go to Step 1.
b) If LBD <bestLBD, goto Step 5.
¢) If j > Max_Global_lter , then go to Step 5.
d) Otherwise, j < j+1 and goto Step 1.
5. Return with bestUBD, LBD, and y which gives LBD.

In the above procedure, at least Min_Global_Iter random samples are generated, and the proce-
dure stops with at most Max_Global_lter samples. The global optimization procedure SVPR-
KSP-LINE-LAG-global involves extensive computation if a good estimate of the lower bound is
necessary. The values of Min_Global_lter and Max_Global_Iter must be sufficiently large20 for

this purpose.

Nonetheless, the approach based on the SVPR-KSP-LINE?2 formulation is very useful in obtain-
ing a good approximation of an optimal solution. If the objective is to find a primal solution, not a
lower bound, then a good estimate of a globally optimal solution is not necessary in the
Lagrangian subproblem. Therefore, Min_Global_lter and Max_Global_Iter need not have large
values. In our experiments, they are set to 20 and 30, respectively. Furthermore, the global optimi-
zation procedure is not even necessary at all iterations. Instead, it would suffice to call the process
only occasionally, say only when a local minimum becomes too close to or beyond the best upper
bound found so far?l. As the procedure converges, it is expected that a commodity flow assign-
ment tends to be near-optimal. This procedure typically produces a better solution than the MFD

method since it is immune to the issue arising from the kinks.

" 20. In order to reduce the sample points, a procedure proposed by Golden et.al. could be applied [32] [33]. It is based on
a statistical extreme-value theory: Assuming randomness of the samples and a Weibull distribution for their limiting dis-
tribution, it calculates a point estimate and a confidence interval for a global optimum. The above assumption is empiri-
cally justified by applying it to a large-scale travelling salesman problem.

21. Namely, a global optimization procedure is not invoked until a Lagrangian multiplier approaches a near-optimal
point in the Lagrangian dual problem. If a local minimum becomes too close to or beyond an upper bound estimate, then
either a Lagrangian multiplier is near-optimal in the Lagrangian dual problem, or the multiplier deviates from the opti-
mum due to a non-trivial gap between the local and global minima in the Lagrangian subproblem. In the former case, we
can terminate the procedure. In the latter case, however, it is necessary to find a better local minimum to adjust the mul-
tiplier in the next iteration of the Lagrangian dual problem. In either case, a global optimization procedure should be
invoked to check if adjustment of a multiplier is necessary or not. However, a thorough random search is not required on
this occasion. If the gap is large, then a better local minimum can typically be found in a few random searches. Even if a
global optimum may not be found, it is sufficient to perform a few random searches in order to adjust a multiplier. Thus,
Min_Global_Iter and Max_Global_Iter need not have large values.

-159-



The proposed algorithm is summarized as follows, which we call the LAG method:

procedure SVPR-KSP-LINE-LAG()

0.
1.

Initialize y. Set p = 0, UBD = o, LBD = 0 and j = 1.

Call SVPR-KSP-LINE-LAG-local( y ). Obtain a local minimum, Lminj, a corre_sponding

commodity flow assignment X , and an updated y .

Obtain an expected lost flow, UBD), based on x via Equation (N-1).

If UBD > UBDj, then set UBD = UBD;.

If (UBD- Lminj) /(UBD) <¢;, then

a) Call SVPR-KSP-LINE-LAG-global(LBD,UBD) and obtain an estimated lower bound
ELBD,; and the best upper bound BUBD; encountered during the procedure.

b) If UBD > BUBDj, then set UBD = BUBD;.

¢) IfLBD< ELBDj, then set LBD = ELBDj.

Stop if either of the following hold.

a) (UBD-LBD)/(UBD) <gg

b) The step length given by Equation (S-7) on page 168 is less than Eg. |

Solve the Lagrangian dual problem through the subgradient method. Calculate the subgradi-

ent and update the Lagrangian multiplier and step length.

je<j+1.GotoStep 1.

Appendix Q. Quadratic Shortest Path (QSP) Algorithm

The quadratic shortest path (QSP) algorithm solves the following problem:

Find the shortest path from a source S to a destination D in the bidirectional network G
where each path is subject to two types of arc cost: The independent arc cost, {c,}.is
imposed if a path goes through arc a, and the non-positive mutual arc cost, {m, l} , is

added if a path contains both arc a and link /.

In the SCFA-MF-ETE problem, ¢, and m o €qual d + w" f2a and —ui , respectively, while in
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the SVPR-MF-ETE problem, the two costs are equal to w" lra_ Z ui and p.i , respectively.
The proposed QSP algorithm works if the following three conditions &r& met, which can be proven

in the cases of the SCFA-MF-ETE and SVPR-MF-ETE problems:

caZO for Vae A,
ma,ISO for Vae A and Ve Ea,

m = 0, and

alza

’—
c, =¢c,+ z ma',zo for Vae A.
le E,

The algorithm stems from the idea of the branch and bound technique [81]. It searches all possi-
ble paths via a depth-first search. Along with the search, unnecessary paths are eliminated from

consideration by using the best upper bound information obtained so far.

QSP algorithm
procedure main()
1) Find the shortest paths from all nodes to D, using {c a'} as an arc cost. Let d(v) denote
the minimum cost from a node v to D.
2) Let P be the shortest path from S to D found in the previous step. Set

vB= Y c,+ Y Tm
a€e P ac Ple P

al’

3) Mark S as ‘visited’. Mark all other nodes as ‘unvisited’.
4) Call visit (S, &, 0)
5) The solution is given by P (the shortest path) and UB (its cost).

procedure visit (vertex, path, cost)
1) Mark vertex as ‘visited’.
2) For all arc a adjacent to vertex,
2-1) If end_node (a) is marked as ‘visited’, continue to the next arc.
2-2) If new_cost +d (end_node (a)) 2 UB, continue to the next arc, where new_cost
is given by
new_cost = cost+C,+ 2 My 1sa” 2 my
b e path le path
2-3) If end_node(a) = D, then set UB = new_cost and P = pathy {a} Continue
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to the next arc.
2-4) Call visit (end_node (a) , path L {a}, new_cost).

3) Mark vertex as ‘unvisited’.

Note that all variables except for the arguments of the procedure visit are global variables. The
‘function end_node (a) returns the end node of directed arc a. Dijkstra’s algorithm can be applied
at step 1) in the procedure main() because € a' is assumed to be non-negative. The procedure visit
performs the depth-first search. UB provides the best upper bound of the shortest path length from
S to D ever found. If a path is routed over arc q, at least ¢’ is imposed on the path. Thus, d(v)
gives the lower bound of the cost from v to D. This lower bound is used to eliminate an unneces-

sary path search at step 2-2.

Appendix R. Initialization Procedures for the SVPR problems

The primal simplex algorithm requires an initial basic feasible solution. Although a feasible
solution can be readily obtained for the SCFA-MF problems, a feasible commodity flow is not
always apparent for the SVPR-MF problems. The two-phase approach for the simplex algorithm
should be applied if a feasible solution is not immediately available [54]. This appendix gives the
details on the initial procedures for the SVPR-MF-LINE problem and the SVPR-MF-ETE prob-

lem.

For each problem, the initial procedure takes the following steps:

Step 1. Obtain a shortest route commodity flow. If it is feasible, go to Step 3.

Step 2. Find an initial feasible commodity flow by solving an LP problem with artificial vari-
ables.

Step 3. Obtain an initial feasible solution to the SVPR problem.

Step 4. Restore a flow over the candidate restoration paths one by one.

The last step is not mandatogl‘y. However, this procedure helps to reduce a lost flow without incur-
ring simplex iterations, which significantly shortens the computation time. Candidate restoration
paths can be taken from the ones appearing in the optimal solution upon the network design (the

solution to the SCFA-MF problems). If the speed-up version of the SVPR-MF solution procedures
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is engaged, further candidate paths are generated from the beginning. See Section 4.2.4. and Sec-
tion 4.3.4. for details.

R.1. Initialization procedure for SVPR-MF-LINE

If a shortest route flow is not feasible, then the following auxiliary linear programming problem
must be solved to find an initial feasible basic solution (Step 2). Let 4 = (4,) (ae€ A) bea vec-
tor of artificial variables where &, is equal to the amount of violation on the capacity constraint for

arc a.

Minimize Y. a,

ac A

over x20and 220

subject to > xz =q" Vre Il (R-1)
DE P"
D 9, %,—8,5¢, Vae A (R-2)
peP v

Initial basic variables for this auxiliary problem consist of one commodity flow variable xp per
commodity (based on a shortest route flow), and either a slack variable s, oran artificial variable
a, per arc (depending on the conformity to the capacity constraint). Note that we don’t have to
generate artificial variable & if s, 20 in the first place. Furthermore, once & , becomes zero, it
can be removed. The problem is infeasible if the optimum solution of the above problem is non-

ZEero.

The solution procedure to this auxiliary problem is again decomposed into a master process and
a sub-process. The master process checks to see if the current solution is globally optimal. Appar-
ently, if all artificial variables are out of the basis, the solution is optimal and the procedure termi-
nates. Otherwise, the following dual feasibility condition must be tested in order to find paths to

generate:
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—ZuGZGEVpe P" (R-3)
aep
where 6" and K, are the simplex multipliers corresponding to the constraints (R-1) and (R-2),
respectively. An all-to-all shortest path algorithm [4] can be employed to find the shortest paths for
all commodities under the arc cost {—j1 20} . Generate the shortest path variables violating the
condition (R-3). If the condition is satisfied for all commodities, the solution is optimal for the

auxiliary problem, implying that no feasible commodity flow exists.

The sub-process employs the revised simplex algorithm and finds an optimal solution using only
the generated columns. Since the solution becomes optimal if all artificial variables become non-
basic, the process attempts to select an artificial variable as a leaving variable during the course of
simplex iterations. The basis matrix can be arranged and decomposéd as follows, which could

reduce the computation time of the simplex algorithm:

[ 1 cl [r1 I c
A -1 M, _ AT -I M, -AC
A, 1 M2 A, 1 1 Mz‘Azc
A, M Ay L U

where LU = M 3 —A3C. The first set of columns corresponds to key path flow variables, the sec-
ond set to artificial variables, the third set to slack variables and the last set contains non-key path

flow variables.

After a feasible commodity flow is found, we must build an initial feasible solution to the
SVPR-MF-LINE problem (Step 3). The following procedures achieve this task.
* Akey commodity flow variable remains a key with the same amount of flow.
* All non-key basic commodity flow variables also remain the same.
* All restoration flow variables are non-basic.
¢ All lost flow variables ¢ o (Vae A) are in the basis, and the value is obtained by the resto-
ration flow constraints.
* For a basic slack variable s, » create basic slack variables si for Vie E, with si =S5,

* For a non-basic slack variable S, » produce basic slack variables si = 0 forall le E_ but

one arbitrary [' E,.
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R.2. Initialization procedure for SVPR-ME-ETE

The initial procedure is the same as that for the SVPR-MF-LINE problem described above,
except for Step 3. An initial feasible basic solution to the SVPR-MF-ETE problem can be settled
as follows:

« First, generate all (%, /) rows pertaining to commodity flow variables generated in Step 1 and
Step 2.

* Akey commodity flow variable remains a key with the same amount of flow.

« All non-key basic commodity flow variables also remain the same.

» Lost flow variables tn’l for all generated (w, ) rows are in the basis, and the value is
obtained from the restoration flow constraints. All other lost flow variables are undefined.

* All restoration flow variables are non-basic.

e Calculate a value of slack si for all capacity constraints.

e For each non-key basic commodity flow, pick up one slack variable with si =0,

* Place all slack variables but the ones selected in the previous step in the basis.

Appendix S. Lagrangian Relaxation and Subgradient Method

This appendix briefly reviews the Lagrangian relaxation technique. It has been applied to a wide
range of optimization problems in order to make them computationally tractable. This appendix
also describes the subgradient method which has been successfully employed in the Lagrangian

dual problem.

S.1. Lagrangian relaxation

The idea of relaxation is to replace the optimization problem by an easier problem. The relax-
ation technique can be used to obtain a lower bound in case of a minimization problem. Further-
more, it could give a way to produce a good approximation of the original problem. Now, a

relaxation is defined as follows [63]. Consider the minimization problem (P):

(P) zp =min{f(x):xe X}
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Then, a minimization problem (RP) satisfying the conditions (S-1) and (S-2) is called a relaxation

problem of (P).
(RP) pp = min{fRP(x):xe XRP}

Xpp2X (s-1)

Frp®) <£(x) for Vx € X (S-2)

If (RP) is feasible, the following relation holds:

2pp<7p (S-3)

The simplest relaxation method is a constraint relaxation where some of the constraints are

removed while fp5(x) = f(x) . The above two conditions are clearly satisfied.

A Lagrangian relaxation technique also removes constraints from the original problem. Typi-
cally complicated constraints are relaxed to simplify the problem. Then each relaxed constraint is
added into the objective function after being multiplied by a distinct Lagrangian multiplier. Let
X = {x:ix€ Xpp,8;(x) <0,ie I}, where g,(x) <0, i € I represents a complicated constraint
to be relaxed. Then, apparently condition (S-1) holds. The following definition of fp,(x) also
satisfies condition (S-2):

Frp®) =) + 3 1, g;(x) and ;20 for Vie | (S-4)

iel
where U = (), i € ] is a Lagrangian multiplier. Define a Lagrangian function 3 (p) as:

(W) =min{fpp(x):x€ Xpp} » (S-5)

This minimization problem is called as a Lagrangian subproblem. The Lagrangian function has
been proven to be a non-smooth concave function of i and is guaranteed to have a subgradient
[60]. From (S-3), 3 (p) is assured to be a lower bound of the problem (P) for any non-negative L.
The tightest lower bound can be found by maximizing the Lagrangian function over . This maxi-

mization problem leads to the following Lagrangian dual problem:

S*=max {3 (1) :1 >0} (S-6)

The .subgradient algorithm described in the next section can be applied to the Lagrangian dual

problem. By iteratively solving the Lagrangian subproblem and the Lagrangian dual problem, we
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can refine the value of |t over iterations and obtain a tighter lower bound. The Lagrangian relax-
ation technique has been also employed to discover a good primal solution to problems with com-
plicated constraints. Theoretically, it could eventually find an optimal solution if there is no duality
gap. Although this may not be attained in practice, a solution of the Lagrangian subproblem could
be utilized to find an approximate solution to the original problem [4]. Starting from a dually feasi-
ble solution, a primally feasible solution could be obtained with the aid of heuristics. The develop-
ment of such heuristics and the selection of a set of constraints to be relaxed are two major design

issues in the Lagrangian relaxation technique since they totally depend on the problem context.

S.2. Subgradient method

The subgradient method is developed for a concave (convex) non-differentiable optimization
problem [74]. The scheme has been successfully applied to the Lagrangian dual problem [4] [63].
Now the Lagrangian relaxation problem can be solved by the following steps based on the subgra-
dient method (Steps 2, 3 and 4):

0. Obtain an initial value of multiplier 12 0. p = 0 is typically used. Set j = 1.

1. For a given .u, solve the Lagrangian subproblem 3 (1) =min{fpp (x):x€ Xpp}. Sup-

pose that x* solves this problem.

2. Find any subgradient of 3 (i) at x*. (g; (x*):(ie I)) canbe used [60].

Update a multiplier as follows:

j +
l—l,-é-[u,-"'e 'gi(x*)]
where [a] * denotes a non-negative part of a, and Gj is a step length at the j-th iteration.

4. Perform a termination test?2. If not satisfied, then set j « j+ 1 and go back to Step 1.

Theoretically, the subgradient method converges if the step length Bj is obtained from any
sequence satisfying Oj — 0 and 26" — oo [74]. For example, o =1/ j satisfies this condition.
However, several heuristics have been developed and widely applied in practice for step length
selection in ofder to accelerate the convergenée speed [4] [31] [39]. Based on our experiment, the
heuristic developed by Held et. al. [39] turns out to have a good convergence property in the

SVPR-KSP-LINE2 problem. We recite their method in the following. The step length is computed

22. For example, the procedure stops when a step length becomes sufficiently small.
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ol = » . [UB-S (H;] (5-7)
Y, (g;(x*) |

iel

where UB is the best upper bound of the objective function found so far. Xj is obtained as follows:
. lj = 2 for j up to 2n, where n is a measure of the problem size. We make n equal to the

number of constraints.

e Both A’ _and the number of iterations are halved until the number of iterations reaches some

threshold value, z.

* Then lj is halved every z iterations until the resulting e’ is sufficiently small.

Appendix T. Notations

This final appendix summarizes the notations used throughout the project.

T.1. General

G = (V,A¢©) . Anetwork.

Vv : A set of vertices (nodes) representing ATM switches.

A : Aset of (directed) arcs representing optical trunks.

¢c=(c,) ae A : A vector of arc cépacity.

E : A set of (undirected) links. Each link is composed 6f two
directed arcs with the same end-nodes but in opposite
directions.

E,={leE:ael} : A set of links excluding the one containing arc a.

I : Aset of commodities. A commodity is a traffic flow from

an origin to a destination. One commodity is defined for
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Pn

RP*

(M)

RP

Q=(¢) mel
f=(f) (VnellVae A)

f, (Vae A)

t
]

(xZ) (Vrne I, Vpe PM) :

r = (r:) (Vae A, Vpe RPY) :
m, [
r=(r;)

r Vae AVieE,

si (Vae AVl E,)

a,p

ea, Lp

each origin and destination pair.

: A set of all possible routes for commodity ® € II.

. A set of all possible or all candidate restoration routes for

arc a € A. (LINE related)

- A set of all possible or all candidate restoration routes for

commodity 7 € IT against a failure of link /€ E. (ETE

related)

: A vector of the requested bandwidth for each commodity.

: A commodity arc flow vector.

: The amount of an aggregate flow of arc a.

|4
o= zn € Hf“
A commodity path flow vector.

An arc restoration path flow vector. (LINE related)

: A restoration path flow vector. te IL,l€ E, pe RPn’l

(ETE related)

: The amount of bandwidth of arc a released by affected

VP’s due to a failure of link /. (ETE related)

: The slack variable of the capacity constraint for arc a

upon a failure of link L.

: An arc-path indicator variable which equals 1 if arc a is’

contained in path p, and O otherwise.

. An indicator variable which equals 1 if both arc a and
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" (Vrell)

w, (Vae A)

i (Vae AVieE,)
_ wn’l VneILVie E
B

B¢

[X]={1,.., X}

An (n, m) network

<a, b>
a-b-c
T.2. SCFA related

d, (Vae A)

2= (z,) (Vae4)

z (Vac A, VieE)

link [ are contained in path p, and O otherwise.

: The price of commodity (dual variable).

: The price of arc restoration (dual variable).

: The price of arc per failure (dual variable).

: The price of link restoration per commodity (dual vari-

able).

: Basis matrix

: Cardinality of a set X.

: Anetwork with n vertices and m arcs.

: A commodity from a source node a to a destination node

b.

: Apath from node a to ¢ through b.

: A unit arc installation cost. It is assumed to be non-nega-

tive.

: A spare capacity vector.

: The amount of necessary spare bandwidth of arc a upon a

failure of link /. (SCFA only)
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T.3. SVPR related

t

() (Vae A)
%, |
t=(") VrelILVlieE

zi (Vae A, Vie Ea)

i (Vae A,VieE)
L(f)

L,(f)

¢V, [4]

(L, k)

Cg

Rp@H

(a k)
RP h

ksp@®

¢ An arc lost flow vector. (LINE related)

: Alost flow vector. (ETE related)

: The amount of total restoration flow of arc a upon a fail-

ure of link /. (SVPR only)

: The price of arc per failure (dual variable). (ETE related)

: An expected lost flow given a flow f.

: Alost flow due to a failure of link / given a flow f.

: A node-arc incidence variable which equals 1 if arc a

leaves node v, -1 if arc a enters node v, and 0 otherwise.

: An indicator variable which takes 1 if v is an originating

node of commodity =, -1 if v is a destination node of =,

and O otherwise.

: The residual capacity of arc B after KSP restoration using

the first k restoration paths upon a failure of link /.

: The k-th restoration path for arc a. A set of arcs over the

path.

: The step size to numerically calculate one-sided partial

derivatives. (MFD related)

: The h-th arc in the k-th restoration path for arc a.

: The KSP constraint for arc a and its k-th restoration path

for (SVPR-KSP-LINE2).
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5 = (pa, k)

3,xLnY

: Lagrangian multiplier for each KSP constraint.

: Lagrangian function.
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